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Abstract II 
Abstract 
In times of rapidly growing energy demands petroleum exploration focus has shifted more 
and more towards unconventional petroleum systems due to increasing difficulties in 
finding and profitably producing from conventional oil and gas fields but also due to recent 
increases in gas price and enhanced recovery techniques, such as horizontal drilling and 
hydraulic stimulation which allow production from these tight low-permeable reservoirs. 
Based on the successful exploration of and production from U.S. American shale gas/oil 
plays it was discussed whether similarly successful plays would also be available in Europe. 
In this context, sedimentary basins in NW-Germany and the Netherlands represent amongst 
others potential targets for shale gas exploration in Europe due to the presence of 
Cretaceous (Wealden) and Jurassic (Posidonia) marlstones/shales as well as various 
Carboniferous black shales. 
Unlike in conventional reservoirs in which gas is stored primarily as compressed (“free”) gas 
in the intragranular pore space and fractures, a significant proportion of gas in shales can be 
stored as “sorbed” gas. The sorption of hydrocarbon gas (mostly methane) in shales 
provides gas storage capacity in addition to the “free gas” capacity in the pore system. The 
methane sorption is considered to take place predominantly within the microporous organic 
matter (kerogen) and is controlled by the Total Organic Carbon (TOC), kerogen type, 
maturity, water saturation and to some extent by the inorganic constituents (clay minerals). 
Numerical petroleum system modeling provides the only means to combine results from 
different geological, geochemical and geophysical analysis methods within the frame of a 4D 
thermo-tectonic reconstruction of the basin´s evolution. Therefore, the aim of this study is 
to combine basin and petroleum system modeling approaches with petrophysical as well as 
petrographic methods in order to substantiate former assumptions on the geodynamic 
evolution of the study area providing a reasonable assessment of the regional shale gas 
prospectivity and thus reducing potential exploration risks prior to drilling.  
For this, 3D high resolution petroleum system models of NW-Germany and the Netherlands 
have been compiled and used to reconstruct the source rock maturation based on 
calibrated burial and thermal histories. Different basal heat flow scenarios and accordingly 
different high-resolution scenarios of erosional amount distribution were constructed, 
representing all major uplift events that affected the study area. The models deliver an 
independent reappraisal of the tectonic and thermal history that controlled the differential 
geodynamic evolution and provide a high-resolution image of the maturity distribution and 
evolution throughout the study area and the different basins. Pressure, temperature and 
TOC-dependent gas storage capacity and gas contents of different potential source rocks 
were calculated based on experimentally derived Langmuir sorption parameters and newly 
compiled source rock thickness maps.  
With additional petrographic analysis methods assessing the lithological dependency of 
vitrinite reflectance as a maturity parameter in high rank sedimentary rocks as well as 
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utilizing its anisotropic character (at maturity levels above 2% VRr) as stress/strain indicator 
this study can also contribute to the understanding of burial and temperature history in the 
Lower Saxony Basin. RIS (Reflectance Indicating Surface) analysis shows a predominantly 
negative biaxial distribution of vitrinite reflectance indicating the absence of thermal 
overprinting by a possible magmatic intrusion (Bramsche Massif) during the Upper 
Cretaceous but, in addition to vertical stresses due to depositional loading, the presence of 
a secondary stress field not perpendicular to bedding and related to the inversion of the 
Lower Saxony Basin.  
This basin belongs to an en-echelon shaped basin sub-system of similar geodynamic 
evolution which can be tracked throughout the whole Central European Basin System 
(CEBS). One of the most distinctive aspects of its evolution is the dominant uplift and partial 
inversion during the Upper Cretaceous ultimately controlling source rock maturation, 
petroleum generation, migration and trapping. Especially in the Lower Saxony Basin deep 
subsidence was followed by strong uplift with maximum amounts of up to 6800-8900 m of 
eroded basin infill during the Subhercynian inversion depending on the modeled basal heat 
flow trend.  
Modeling results indicate maturity patterns of the most important petroleum source rocks 
and also prospective areas within the study area exhibiting shale gas potential at present-
day. These areas are confined to the Lower Saxony Basin, southern Gifhorn Trough and 
West Netherlands Basin. For the Posidonia Shale in the Lower Saxony Basin low bulk 
adsorption capacities (note that bulk adsorption capacities are given for the total layer 
thickness within a grid cell size of 1 km2) of about 0.16*106 tons and gas contents of up to 
82 scf/ton rock have been predicted. The capacities at the northern and eastern boundaries 
of the Lower Saxony Basin, Pompeckj Basin and Gifhorn Trough range around 0.3*106 tons. 
In the West Netherlands Basin, capacities range between 0.14-0.31*106 tons. In the 
southern area of the Gifhorn Trough and southwestern flank of the West Netherlands Basin 
average gas contents of up to 95 scf/ton rock have been predicted. Bulk adsorption capacity 
of the Wealden is proportional to the varying layer thickness and ranges up to 
3.45*106 tons. Gas contents have been calculated for the Ems river area with values up to 
26 scf/ton rock and the Hunte river area with contents up to 45 scf/ton rock. 
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In Zeiten rapide ansteigenden Energieverbrauchs hat sich die Fokussierung der Erdöl/-
gasexploration zunehmend auf unkonventionelle Lagerstätten verlagert, da Funde neuer 
konventioneller Lagerstätten immer seltener werden und verbesserte 
Gewinnungsmethoden eine profitable Produktion aus diesen dichten niedrig-permeablen 
Lagerstätten erlauben. Basierend auf der erfolgreichen Exploration von und Produktion aus 
amerikanischen Schiefergas/-ölsystemen, stellt sich die Frage, ob ähnliche Systeme auch in 
Europa anzutreffen sind. Sedimentbecken in NW-Deutschland und den Niederlanden 
gehören zu den potentiell möglichen Regionen, in denen Schiefergasförderung aufgrund des 
Vorkommens von kreidezeitlichen (Wealden) und jurassischen (Posidonia) Mergel-
/Tonsteinen sowie verschiedenen karbonischen Schwarzschiefern geologisch möglich 
erscheint. 
Anders als in konventionellen Reservoirs, in denen Gas hauptsächlich als komprimiertes 
„freies“ Gas im Porenraum und Bruchgefüge vorkommt, kann in Tonsteinen ein signifikanter 
Anteil als „sorbiertes“ Gas gespeichert sein. Die Sorption von Kohlenwasserstoffgasen 
(hauptsächlich Methan) in Tonsteinen bietet daher zusätzliche Gasspeicherkapazität zur 
„freien Gas“-Speicherkapazität im Porenraum. Die Sorption von Methan findet 
hauptsächlich im mikroporösen organischen Material (Kerogen) statt und wird durch den 
Gehalt an organischem Kohlenstoff (TOC), den Kerogentyp, die Reife, die Wassersättigung 
und zu einem gewissen Grad durch die anorganischen Gesteinsbestandteile (Tonminerale) 
kontrolliert. 
Numerische Modellierung von Kohlenwasserstoffsystemen (petroleum system modeling) ist 
das einzige Mittel, um Ergebnisse aus verschiedenen geologischen, geochemischen und 
geophysikalischen Analysemethoden, die für gewöhnlich in der 
Kohlenwasserstoffexploration angewandt werden, im Rahmen einer 4D thermo-
tektonischen Rekonstruktion der Beckenentwicklung zusammenzufassen. Das Ziel dieser 
Studie ist daher die Kombination von Becken- und Kohlenwasserstoffsystemmodellierung 
mit petrophysikalischen und petrographischen Analysemethoden, um frühere Annahmen 
zur geodynamischen Entwicklung des Untersuchungsgebietes zu erhärten und darüber 
hinaus eine sinnvolle Abschätzung des regionalen Schiefergaspotentials vorzunehmen, mit 
der potentielle Explorationsrisiken im Vorfeld von Bohrungsaktivitäten minimiert werden 
können. 
Hierfür wurden für Nordwestdeutschland und die Niederlande hochaufgelöste 3D Modelle 
kompiliert, mit denen die Muttergesteinsreifung, basierend auf thermisch kalibrierten 
Versenkungsgeschichten, rekonstruiert werden konnte. Es wurden verschiedene basale 
Wärmeflussszenarien und davon abhängige, hochaufgelöste Erosionsszenarien konstruiert, 
die alle größeren Hebungsereignisse repräsentieren, die das Untersuchungsgebiet 
beeinflusst haben. Die Modelle stellen eine unabhängige Neubewertung der tektonischen 
und thermischen Geschichte dar, die die differentielle geodynamische Entwicklung 
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kontrolliert hat und bieten ein hochaufgelöstes Bild der Reifeverteilung und -entwicklung in 
den verschiedenen Sedimentbecken des Untersuchungsgebietes. Die Druck-, Temperatur- 
und TOC-abhängige Gasspeicherkapazität der verschiedenen potentiellen Muttergesteine 
wurde basierend auf experimentell ermittelten Langmuir Sorptionsparametern und neu 
kompilierten Mächtigkeitskarten der Muttergesteine berechnet. 
Durch zusätzliche petrographische Analysemethoden, wie der Bestimmung der 
lithologischen Abhängigkeit von Vitrinitreflexion als Reifeparameter in hochreifen 
Sedimentgesteinen sowie der Nutzung des anisotropen Verhaltens von Vitrinit (ab einer 
Reife von 2% VRr) als Spannungs-/Dehnungsindikator, kann diese Studie außerdem zum 
Verständnis der Versenkungs- und Temperaturgeschichte des Niedersächsischen Beckens 
beitragen. Die RIS (Reflectance Indicating Surface) Analyse zeigt eine hauptsächlich negativ 
biaxiale Verteilung der Vitrinitreflexion, was auf das Fehlen einer thermalen Überprägung 
durch eine mögliche magmatische Intrusion (Bramsche Massiv) während der Oberkreide 
hindeutet. Stattdessen zeigt sich zusätzlich zum vertikalen Auflastdruck der Einfluss eines 
sekundären Spannungsfeldes, welches nicht orthogonal zur Schichtung liegt und mit der 
Inversion des Niedersächsischen Beckens zusammenhängt. 
Dieses Becken gehört zu einem gestaffelten Beckensubsystem gleicher geodynamischer 
Entwicklung, welches durch das gesamte Zentraleuropäische Beckensystem verfolgt werden 
kann. Einer der markantesten Aspekte seiner Entwicklung ist die starke Hebung und partielle 
Inversion während der Oberkreide, die letztendlich die Muttergesteinsreifung, 
Kohlenwasserstoffgenese, Migration und Fallenbildung kontrolliert hat. Besonders im 
Niedersächsischen Becken folgte auf tiefe Subsidenz eine starke Hebung mit maximalen 
Werten von 6800-8900 m erodierter Beckenfüllung (je nach modelliertem Szenario) 
während der Subherzynen Inversion. 
Modellierungsergebnisse, basierend auf Versenkungstiefen und -temperaturen, also 
entsprechenden Reifemustern der wichtigsten Muttergesteine, deuten auf das 
Niedersächsische Becken, den südlichen Gifhorn Trog und das Westniederländische Becken 
als prospektive Gebiete mit Schiefergaspotential hin. Für den Posidonienschiefer im 
Niedersächsischen Becken wurden Adsorptionskapazitäten (Adsorptionskapazität ist 
gegeben für die gesamte Schichtmächtigkeit im Bereich einer 1 km2 großen Rasterzelle) von 
0.16*106 Tonnen und Gasgehalte von bis zu 82 scf/Tonne Gestein berechnet. Kapazitäten an 
den nördlichen und östlichen Rändern des Niedersächsischen Beckens, im Pompeckj Becken 
und Gifhorn Trog liegen bei 0.3*106 Tonnen. Im Westniederländischen Becken variieren die 
Werte zwischen 0.14-0.31*106 Tonnen. Im südlichen Gifhorn Trog und südwestlichen 
Westniederländischen Becken wurden durchschnittliche Gasgehalte von 95 scf/Tonne 
Gestein bestimmt. Adsorptionskapazitäten im Wealden sind proportional zur variierenden 
Schichtmächtigkeit und betragen maximal 3.45*106 Tonnen. Gasgehalte liegen bei 26 
scf/Tonne Gestein für den Bereich der Ems und 45 scf/Tonne Gestein für den Bereich der 
Hunte. 
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1 Introduction 
1.1 Introduction to this Thesis  
During the next decades natural gas will play an important role in the transition from 
today´s energy mix towards the aspired coverage of energy demands by regenerative 
energies. In 2010, 87% of Germany´s and 47% of the Netherland´s demand for natural gas 
was covered by imports (Andruleit et al., 2012; IEA, 2011). Due to advancing depletion of 
domestic conventional reservoirs the fraction of imported natural gas is supposed to 
increase. It has already been proven that major amounts of natural gas cannot only be 
found in conventional but also unconventional reservoirs incorporating shale gas, tight gas 
and coalbed methane. In contrast to gas from e.g. methane hydrate which cannot yet be 
produced safely and profitably in offshore areas these types of reservoirs are already used 
for production. Due to the utilization of domestic shale gas the U.S.A. has become the 
world´s largest producer of natural gas. Similar but yet idle shale gas potential must also be 
present in Europe and has already been proven at different localities (e.g. Poland, Ukraine). 
Despite the fact that energy supply by potential shale gas reservoirs in Germany and the 
Netherlands will not nearly reach the extent which can be observed in the U.S.A., where this 
new energy source has considerably changed the basic structure of its energy market, it 
could still be an addition that enables further diversification of the energy feedstock market 
and reduce the dependency on imports.  
Generation and composition of shale gas are equal to that of conventional gas reservoirs. 
However, in contrast to conventional reservoirs which are locally confined to e.g. 
geometrical trap structures, unconventional gas occurs in all parts of sedimentary basins 
and in a much broader extent within the source rock or tight reservoir rock. These rocks only 
have minor natural migration pathways due to low permeability and/or high ductility of the 
rock matrix. Gas (and oil) can partly migrate out of source rocks but residual amounts 
usually remain within the layer. Unlike in conventional reservoirs in which gas is stored 
primarily as compressed (“free”) gas in the intragranular pore space and fractures, a 
significant proportion of gas in shales can be stored as “sorbed” gas. Thus, the sorption of 
hydrocarbon gas (mostly methane) in shales provides gas storage capacity in addition to the 
“free gas” capacity in the pore system. The methane sorption is considered to take place 
predominantly within the microporous organic matter (kerogen) and is controlled by the 
Total Organic Carbon (TOC), kerogen type, water saturation, to some extent by the inorganic 
constituents (clay minerals) and maturity.  
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Several sedimentary basins in NW-Germany and the Netherlands represent potential targets 
for shale gas exploration in Europe due to the presence of Cretaceous (Wealden) and 
Jurassic (Posidonia) marlstones/shales as well as various Carboniferous black shales. These 
marlstones/shales exhibit many of the needed features for a sufficient shale gas potential 
and possibly profitable production, comprising: high contents of organic constituents (>2% 
TOC), marine or lacustrine depositional paleo environment, sufficient thickness of at least 
20 m, burial depths and respective pressures which allow gas to be present in sufficient 
quantities and burial temperatures reaching the thermal maturity window in which peak gas 
generation occurs (>1.3% VRr). 
Numerical petroleum system modeling provides the only means to combine results from 
different analysis techniques which are commonly applied in petroleum exploration within 
the frame of a 4D thermo-tectonic reconstruction of a basin´s evolution. Therefore, the aim 
of this study is to combine basin and petroleum system modeling approaches with 
petrophysical work as well as petrographic analysis methods in order to develop an 
improved understanding of the geodynamic evolution of the study area and to provide 
quantitative results that should aid in substantiating former assumptions on the 
geodynamic evolution. Based on the accurate high resolution modeling of the study area´s 
underground geometry and the reconstruction of its tectonothermal evolution and source 
rock maturation this study can also provide a reasonable assessment of the regional shale 
gas prospectivity reducing potential exploration risks prior to drilling.  
1.2 Unconventional Petroleum Systems 
The definition of unconventional hydrocarbon resources has to be understood in a 
differentiated manner with respect to the context in which it is used. Earlier perceptions of 
the definition were primarily based on technical and economical aspects. Barely economical 
or uneconomical resources such as tight reservoirs and coalbed methane were formerly 
considered being unconventional until petroleum prices and recovery techniques evolved to 
the point where these resources became not only viable economical but also accessible 
(Law and Curtis, 2002). Thus, from a technical perspective a petroleum system can be 
considered unconventional if advanced production methods need to be applied (e.g. 
directional drilling, hydraulic fracturing). Such a petroleum system cannot be drained from a 
limited number of locations which would be sufficient for conventional reservoirs. They 
need to be approached by mining or a grid of wells since they are not buoyancy-driven and 
therefore do not occur as discrete accumulations in stratigraphic or structural traps but can 
rather be considered as regionally pervasive accumulations, covering a large area and 
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mostly independent of common trap structures (Law and Curtis, 2002; Cook, 2003; Shanley 
et al., 2004).Therefore, investments above industry-standards need to be made based on 
acquiring larger surface areas for land use and/or advanced technical equipment. The basic 
original definition, however, is related to the geological play setting with respect to a 
conventional petroleum system (Magoon and Dow, 1994). Whenever one play element, i.e. 
source, reservoir and seal rock as well as a typical migration pathway is missing, or altered 
from its conventional type, the system can be categorized as being unconventional. 
Typical examples of unconventional hydrocarbon resources comprise coalbed gas and in-situ 
coal gasification, shale gas/oil and tight gas/oil in very deep and/or very tight low-
permeability shales and sandstones, basin centered gas, gas hydrates, shallow biogenic gas 
as well as tar/oil sands which can be accessed by open pit mining or in-situ production 
through steam injection. Most coal beds and shales are self-sourcing reservoirs due to high 
TOC contents (>50% in coals; <30% in shales; Littke et al., 2011) but can also contain 
migrated thermogenic and/or secondary biogenic gas. They comprise source, reservoir and 
seal in one formation with no significant internal migration (Levine, 1991; Littke and 
Leythaeuser, 1993; Hamblin, 2006). These systems are frequently undersaturated with 
respect to their total gas storage capacity. Their saturation depends mainly on the 
geodynamic evolution as well as hydrocarbon generation and migration (Littke et al., 2011). 
Expulsion out of these reservoirs can occur and strongly depends on their long-term 
integrity and sealing efficiency and on those of the surrounding formations. Whereas some 
gas is stored as free gas in the pore space, a significant portion exists as sorbed phase and 
can be retained despite expulsion from the source rock. The physical sorption mainly takes 
place on or within the organic matter of the host rock; the sorption capacity as well as the 
ratio of free and sorbed gas depend on different factors including temperature, pressure, 
organic matter content and composition as well as porosity and especially moisture content 
due to competitive sorption between gas and water molecules. Although shale gas and tight 
gas reservoirs share similarly low permeabilities and effective porosities they are usually 
considered seperate due to differences in lithology and petroleum charge type. Whereas 
shale gas occurs in mainly self-sourced shales which can actually often be considered as 
marlstones or siliceous shales due to increased contents of quartz and carbonate, tight gas 
is associated with sandstone and limestone strata. Here, mainly trapped gas which migrated 
into these units is present. 
Whereas some of the above mentioned unconventional resources can still not be produced 
profitably other types of unconventional petroleum systems (e.g. tight sandstones and 
shales) are already used for production worldwide. New drilling and improved stimulation 
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techniques have provided viable and profitable accessibility to these systems. Directional 
drilling allows the well bore to follow even a thin hydrocarbon saturated unit in order to 
maximize the contact interface between the formation and the well bore. It is then 
separated into different stages by packers which allow systematically and stage-wise 
induced hydraulic fracturing by water, foam or gel based fluids mixed with proppants which 
are pumped into the target formation opening up additional migration pathways by creating 
an artificial fracture system (King, 2012). After controlled pressure reduction of the fracking 
procedure the proppants, which consist of sands, light weight ceramics or even 
manufactured sand grain size particles, have by now intruded into the new fracture system, 
counteracting the lithostatic pressure and holding the fractures open. Due to the possibly 
great lateral extent of such an unconventional resource play and the comparably small and 
elongated well bore-formation interface area large numbers of wells are needed to access 
the whole play and to produce sufficient petroleum quantities. Despite the dense well 
distribution, overlapping drainage areas should be avoided since they reduce the net 
outcome of single or all wells present within the overlap area (Kuhn, 2013). Also, the aim is 
not only to produce the whole field but to identify sections, so-called “sweet spots”, with 
highest return on investment, thus highest production yield per area in the entire play. 
Although the technical well setup (e.g. fracking procedure, well bore conditions) has greater 
control on the productivity of each well, these sweet spots commonly correlate with areas 
exhibiting favorable geological conditions, comprising i.a. source rock availability, natural 
fracture system, lithologically dependent frackability, organic matter composition, maturity 
and hydrocarbon saturation (Kuhn, 2013). 
1.3 Petroleum Systems of the Study Area 
1.3.1 Paleozoic 
The main source rock units of the Paleozoic basement are Pennsylvanian sedimentary rocks 
with cyclothemically bedded claystones, siltstones and sandstones with high contents of 
dispersed coaly material and intercalated coal seams which have been deposited in a deltaic 
and fluvial environment on a coastal plain and in a tropical climate (type III kerogen). These 
coal seams are the major source rock for the main gas generation in the CEBS (Central 
European Basin System; Littke et al., 1995; Gaupp et al., 2008) and also exhibit CBM 
(coalbed methane). Volcano- and siliciclastic sediments (Rotliegend Formation) as well as 
limestones (Zechstein Formation; Staßfurt-Carbonate) deposited during the subsequent 
Permian act as major reservoir rocks for the gas sourced by Carboniferous units. The Lower 
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Permian sandstones contain about 65% of the gas reservoirs in the Netherlands (without 
the Groningen gas field; de Jager and Geluk, 2007) and 45% of Germany’s gas reservoirs 
(LBEG, 2013). Whereas best reservoir quality can be found in aeolian dune deposits of the 
Rotliegend Formation, where both permeabilities and porosities are high (Gaupp et al., 
2005; Pusch et al., 2005), their permeability is partly such low that they can be characterized 
as tight sandstone reservoirs. Further 37% of German gas reserves are present in the 
Zechstein limestones (LBEG, 2013). Strike-slip movements induced fault block rotation 
providing structural traps for vertically migrated gas. During the Upper Permian Zechstein, 
epicontinental marine conditions and repeated cut-off and reconnection to the Paleotethys 
led to deposition of chemical sediments mainly composed of cyclical sequences of 
carbonate, anhydrite and salt which acts as main sealing unit (Warren, 2008). Within the 
Zechstein Formation the Z1 Kupferschiefer and the Z2 Stinkkalk show minor source-rock 
potential. Where the Zechstein salt’s sealing efficiency is not sufficient, sandstones of the 
Triassic Buntsandstein and partly Jurassic are proven to hold Carboniferous-sourced gas 
contents. Unconventional petroleum systems comprising Mississippian and possibly 
Pennsylvanian as well as Pre-Carboniferous organic matter-rich shales are considered to 
possibly act as additional sources and simultaneously as reservoirs for gas (Krooss et al., 
2008; Littke et al., 2011).  
1.3.2 Mesozoic 
The two major source rocks are the Toarcian (Posidonia Shale) and Berriasian (Wealden) 
marlstones/shales. The oil prone (type II kerogen) Posidonia Shale with a TOC (Total Organic 
Carbon) ranging between 2-15% (Littke et al., 1991) was deposited in an oxygen depleted 
environment after a global sea-level rise re-established epicontinental marine conditions in 
NW-Europe during the Rhaetian. The accumulated sedimentary succession of the Altena 
Group (Sleen, Aalburg, Posidonia Shale, Werkendam, Brabant Formations) in the 
Netherlands and Liassic-Dogger Group in Germany comprises marlstones, carbonates, 
sandstones and shales, and culminated in the deposition of the organic matter-rich Toarcian 
black shales (Posidonia Shale). The Posidonia Shale exhibits a laterally homogenous 
threefold stratigraphic subdivision of lower marlstone, middle calcareous shale with bivalve 
shells and upper calcareous shale. Its thickness varies approximately between 15-35 m but 
can reach up to 60 m. During the Middle and Upper Jurassic, depositional environments 
shifted towards deltaic marine conditions inducing deposition of possible reservoir rocks 
(e.g. Dogger Formation) for the underlying source rocks. Additional reservoir rocks comprise 
Triassic reservoirs which have been charged by downward expulsion along faults and by 
fault block rotation creating structural traps as well as Lower Cretaceous sandstones (e.g. 
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Bentheim Formation, Vlieland Formation). Regional sealing is accomplished by Upper 
Jurassic shales and intercalated salt deposited under evaporitic and saline conditions leading 
to formation of carbonates and evaporites reaching thicknesses of up to 1500 m (e.g. Lower 
Saxony Basin). Latest Jurassic and earliest Cretaceous times were dominated by the 
regression of the sea (Mutterlose, 2000; Senglaub et al., 2005). The depositional conditions 
were predominantly shallow marine with terrestrial input being confined to the uppermost 
Jurassic and lowermost Cretaceous (Wealden) (Petmecky et al., 1999). The Wealden source 
rock (type I kerogen) in NW-Germany and the Netherlands is confined to the Lower Saxony 
Basin and exhibits a quite heterogeneous facies distribution ranging from fully terrigenous 
through brackish-lacustrine to fully marine (Rippen et al., 2013). Its thickness varies strongly 
but can reach up to 1000 m. Prograding deltaic sandstones of Valanginian age provide 
reservoirs and Upper Cretaceous shales serve as regional seal for hydrocarbons sourced by 
the Wealden (Adriasola-Muñoz et al., 2007). Both units, the Posidonia Shale and the 
Wealden are believed to also act as unconventional petroleum systems for shale gas and 
possibly shale oil.  
1.4 Methods 
1.4.1 Basin and Petroleum System Modeling 
Numerical basin modeling provides an integrated approach to understand and reconstruct 
significant geological processes occurring during the basin evolution (Welte and Yalcin, 
1987; Poelchau and Zwach, 1994). Its main goal is to mathematically conceive a basic 
comprehension of chemical and physical processes leading to the evolution of a 
sedimentary basin (Neunzert et al., 1996). As basin evolution is mainly characterized by 
irreversible processes that do not lend themselves to inverse modeling, scientists 
quantitatively attempting to model the history of a basin can only design and apply forward 
models (Cross and Harbaugh, 1990). Basin modeling can be understood as a dynamic 
forward modeling approach of geological processes in sedimentary basins over geological 
time periods. It should generally cover depositional and tectonic aspects, e.g. (de-
)compaction, pore pressure calculation, temperature and heat flow estimation as well as 
evolution of thermal maturity parameters (e.g. vitrinite reflectance, biomarkers). Petroleum 
system modeling considers in addition fluids (water and petroleum) in a basin, thus, 
modeling of hydrocarbon generation, accumulation, adsorption and expulsion processes, 
fluid migration and petroleum compositional analysis is incorporated (Hantschel and 
Kauerauf, 2009; Peters et al., 2009). 
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Every numerical simulation needs to be based on a conceptual model that describes the 
geological evolution of the basin and divides it into discrete events and time steps, 
respectively, represented by basic geologic processes such as deposition, non-deposition 
and erosion (Poelchau et al., 1997). The geometrical data is divided into a cell grid which 
makes up the basis for a finite element model. For each model grid cell various geological, 
geochemical and petrophysical processes and their mutual influence on neighboring cells 
are calculated and updated at each defined time step during simulation (Wygrala et al., 
1989).  
In the context of basin geometry reconstruction the simulation starts with the deposition of 
the oldest layer and continues until the present-day geometry is reached. Depositional 
(paleo) layer thicknesses are calculated based on porosity controlled backstripping of 
present-day thicknesses. Calculated present-day thicknesses based on backstripping are 
initially not identical with the given present-day thicknesses. These thickness differences, 
however, assist in an improved estimation of the depositional layer thicknesses in the next 
simulation runs. During this optimization procedure multiple forward simulations are 
combined and calibrated against the present-day basin geometry until a geometry match 
has been realized (Hantschel and Kauerauf, 2009). Based on the geodynamic reconstruction, 
resulting pressures and temperatures in combination with geochemical reaction kinetics are 
simultaneously used to calculate their influence on fluid behavior and properties.  
Since a numerical simulation does not produce any results without input data and a fortiori 
no correct results without calibration data the quality of a petroleum system model strongly 
depends on the quantity and accuracy of input and calibration data. Thus, a comparison of 
simulation results and measured data from rock and/or fluid samples is of utmost 
importance. 
Although the geological processes incorporated into the numerical simulation can partly be 
described by simple equations it would not be possible to process this manually for millions 
of cells which make up the basin model. Also the timing of these processes plays an 
important role in a petroleum system model. The major advantage of such a model and 
petroleum system modeling in general is the possibility to calculate almost limitless 
processes simultaneously for each cell and by this test and adjust their time-dependent 
influence on each other and on the simulation results (Magoon and Dow, 1994). By 
comparing these results to available calibration data, the most probable scenario(s) of the 
basin’s geologic evolution can be determined and evaluated. 
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1.4.2 Petrography 
Vitrinite reflectance is one of the most commonly used and most accurate 
paleotemperature parameters to quantitatively assess the maturity and hydrocarbon 
potential of sedimentary rocks. In comparison to other optical (e.g. conodont alteration 
index, apatite fission track, spore color index, fluid inclusions) and geochemical (e.g. 
methylphenantren index, carbon preference index, Rock Eval) maturity and temperature 
parameters it is a comparably fast performed analysis method with a simple sample 
preparation. Vitrinite is one of the three major organic maceral groups (vitrinite, inertinite, 
liptinite), the organic equivalents to rock forming inorganic minerals. It only occurs in post-
Silurian sedimentary rocks since higher land plants had not evolved until then. Vitrinite 
reflectance is ultimately and irreversibly controlled by the maximum temperatures the 
organic matter experienced. Maximum temperatures are normally reached through a 
combination of radiogenic heat generated in sedimentary rocks and basal heat flow during 
time of deepest burial. Hereby, also the heating rate and duration of maximum 
temperatures play an important role. In high rank sedimentary rocks with maturities above 
2% VRr (random vitrinite reflectance) a wide variation of VRr data can be observed induced 
by the enhanced anisotropy due to condensation and ordering of the aromatic layer 
structure of organic matter and resulting in an ever increasing difference between minimum 
(VRmin) and maximum vitrinite reflectance (VRmax) (e.g. Béhar and Vandenbroucke, 1987; 
Schenk et al., 1990; Houseknecht and Weesner, 1997). This anisotropical behavior can also 
be used to assess possible influence and timing of syn- and post-depositional tectonic 
stresses and thermal peak events since vitrinite reflectance is not only controlled by 
temperature and time but also by stress fields (e.g. Hower and Davis, 1981; Levine and 
Davis, 1984; Bustin et al., 1986; Langenberg and Kalkreuth, 1991; Littke et al., 2012). In 
order to assess the thermal maturity as well as to analyze stress field influences and the 
lithological influence of the enclosing strata on vitrinite reflectance a combination of 
different petrographic analysis and interpretation techniques has been applied. Hereby, 
four vitrinite reflectance parameters that can be used as maturity indicators (VRr, VRrot, 
VRmax, VRmin) have been measured using polarization and non-polarization microscope 
techniques. RIS (reflectance indicating surface) analysis has been utilized to assess stress 
influence on the anisotropic vitrinite reflectance character of the sample set.  
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1.5 Theoretical Background 
1.5.1 Pressure in Sedimentary Basins 
The main process causing pressure and stress in a sedimentary basin is subsidence and 
depositional loading. This ultimately effects compaction and in response porosity and 
permeability. In sedimentary rocks, pressure is mainly associated with fluid pressure or pore 
pressure, respectively. Both, rock stress and pore pressure illustrate the reaction of the 
rocks to external load (Hantschel and Kauerauf, 2009). Pore pressure always ranges in the 
given limits of the hydrostatic and lithostatic pressure. Neglecting dynamic fluid pressure, 
the hydrostatic pressure is induced by overlying fluid mass applying pressure on the pore 
fluid at respective depths. The lithostatic pressure reflects in accordance the overlying rock 
mass. If the pore space in the rock column is interconnected the pore fluid can be 
considered being under hydrostatic pressure. If this is not the case the pore fluid is under 
lithostatic pressure bearing not only the weight of the water but also of the rock column. 
When pore volume is reduced by compaction and formation water or other fluids cannot be 
expelled overpressure can occur. In this case the hydraulic pressure can almost reach the 
lithostatic pressure counteracting the compaction. Thus, litho- and hydrostatic pressure 
conditions depend on the degree of compaction and respective porosity and permeability of 
the host rock.  
Compaction 
Compaction is a physical and chemical process that results mainly from depositional loading 
but can also be caused by tectonic activity. It leads to volume reduction and thus to 
decrease in porosity, permeability and thickness. Mechanical compaction is considered as 
rearrangement of the rock particle structure by rotation, deformation, breakage and 
suturing. It is an almost irreversible process, i.e. porosity is maintained even if the effective 
stress is reduced due to uplift, erosion or overpressure increase (Hantschel and Kauerauf, 
2009). Chemical compaction such as pressure solution as the main chemical compaction 
mechanism affecting sediments during burial, is a process which occurs preferentially at the 
contact interfaces of grains or crystals as a result of an excess of external pressure relative 
to the hydraulic pressure of pore fluids. Two different processes occur during pressure 
solution. Material in these zones is dissolved and diffused in the pore fluid present along the 
grain boundaries and/or diffusion occurs through fractures propagating from the contact 
interface towards the less stressed part of the grain. Due to mineral-rich formation waters 
percolating through the pore space precipitation and cementation can occur. Different 
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compaction models relate porosity to either effective stress, bulk compressibility or depth 
(Athy, 1930; Smith, 1971; Schneider et al., 1996; Yang and Aplin, 2004). Athy (1930) 
proposed an equation to approximate the compaction of sediments with which the porosity 
at any (hydrostatic) depth can be calculated:  
  kzez  0  (Eq. 1.1) 
where is the porosity at a given depth z, 0  is the initial porosity and k is the Athy 
parameter, an empirical compaction coefficient related to the type of sediment. 
Porosity 
In sedimentary rocks, porosity is controlled by lithology, grain size and shape, pore 
distribution and diagenetic evolution. It is defined as: 
T
v
V
V
    (Eq. 1.2) 
where is the porosity, VV is the volume of void-space (such as fluids) and VT is the total or 
bulk volume of material, including the solid and void components. It can also be calculated 
from densities as: 
Particle
Bulk1


  (Eq. 1.3) 
where Bulk  is the bulk density including fluid-filled pore space and Particle  is the density of 
the material without any pores. Pore space is not always interconnected, therefore total 
and effective porosity need to be distinguished. Total porosity represents the total amount 
of pore space, whereas the effective porosity only represents the interconnected pore 
space. Thus, hydraulic conductivity depends on the degree of interconnected pore space 
and pore throat radii, ultimately defining the permeability of a porous medium. 
Permeability 
Permeability is the property of a porous media indicating the ability for fluids to flow 
through them. It is defined as a volume flow rate through a cross-sectional area of a porous 
medium under the influence of a hydraulic pressure gradient at a specified temperature. 
Darcy’s law describes the relation of permeability K to the fluid flow rate v , viscosity of the 
fluid  , thickness of the porous medium x , the pressure gradient P  and the surface 
area of the cross section A. 
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 (Eq. 1.4) 
The permeability coefficient K depends on the combination of the fluid and porous material 
properties and controls flow rate, flow paths and resulting pore pressure fields. Permeability 
can vary by several orders of magnitude, ranging from almost impermeable facies such as 
salt, to low permeable rocks (shales) to high permeability facies such as sandstone. 
1.5.2 Temperature in Sedimentary Basins 
Heat transfer and temperature distribution in sedimentary basins are ultimately controlled 
by conduction, convection and radiation (Beardsmore and Cull, 2001).  
Heat Convection 
Heat convection can be described as a thermal energy transport by mass flow or especially 
in the context of sedimentary basins by fluid (water, oil, gas) flow. At high flow rates e.g. in 
permeable layers or fractures this can be more effective than heat conduction. Depending 
on the temperature of the fluid it can withdraw or add thermal energy and can significantly 
distort effects of conductive heat transport (Hantschel and Kauerauf, 2009). Examples for 
solid convection comprise e.g. salt doming or overthrusting which, however, needs to run at 
high rates to be of importance. Convective fluid flow is mainly made up by hydrothermal 
waters related to magmatic activity and other fluids migrating upwards through the 
sedimentary column (Bethke, 1989; Wycherly et al., 2003) and cold meteoric water moving 
downwards into deeper basin parts.  
Heat Radiation 
Radiation is defined as heat transport by electromagnetic waves with usual wavelength of 
800 nm to 1 mm. Since the amount of thermal energy is proportional to the fourth power of 
temperature only the heat transfer from very hot areas above 1000°C (Clauser, 1998) is 
important in this case and can be neglected in sediments but should be considered in the 
lower lithosphere and asthenosphere (Hantschel and Kauerauf, 2009). 
Heat Conduction 
Thermal conductivity is the dominant process for internal heat transport in the shallow 
lithosphere during absence of convective transport media in geological systems with poor 
fluid pathways and/or low permeable barrier formations. It is a diffusive process in which 
kinetic energy is transferred mainly by interatomic or intermolecular collisions and its 
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efficiency depends on the density/porosity and temperature of the medium. While thermal 
conductivities commonly increase during burial and respective compaction of the strata 
they decrease again due to the effect of rising burial temperatures. Increasing temperature 
provokes intensified atomic or molecular movement which counteracts the directional heat 
conduction (Fig. 1.1). Effective conductivity depends on the conductivity of the rock mix and 
fluid in the pore space and is anisotropic in sedimentary rocks leading to differing horizontal 
and vertical conductivities (Hantschel and Kauerauf, 2009).  
 
Fig. 1.1: Development of vertical thermal conductivities during burial, as illustrated 
for different lithologies and different thermal gradients (Littke et al., 2008). 
Radiogenic Heat Production 
Radioactive decay of unstable isotopes introduces an additional heat source within 
sedimentary basins. The radiogenic heat production depends on the amount and type of 
radioactive elements which varies depending on the lithology of the different sedimentary 
rocks. Typical radioactive trace elements in sediments are 238U, 235U, 40K and 232Th. These 
elements are found in higher concentrations in organic matter-rich shales because 238U and 
235
U are preferentially bond to organic matter (e.g. algae) and 
40
K and 
232
Th are 
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preferentially bond to clays (Adams and Weaver, 1958; Fried and Broeshart, 1967; 
Schmoker, 1981). Rybach (1986) calculated the effect of radiogenic heat production on the 
temperature distribution by a one-dimensional, purely conductive model where 
temperature is calculated for each depth (hz) as: 
 
 
 2
2
z
z
0
A
h
AHQh
ThT 




 
   (Eq. 1.5) 
where T0 is the surface temperature, Q is the basal heat flow, A is the mean radiogenic heat 
production,  is the average thermal conductivity and H is the thickness. 
Temperature Gradient and Heat Flow 
In order to determine the temperature gradient in the basin, information on the thermal 
boundary conditions are needed. Therefore, the basal heat flow and the sediment-water 
interface or sediment surface temperature need to be defined through time. Global mean 
surface paleotemperature have been published by Frakes (1979) and Wygrala (1989) 
compiled latitude dependent mean surface temperatures. Whereas surface or air 
temperatures, respectively, can vary between +70°C and -90°C, fluctuations of the 
sediment-water interface temperature are much smaller. Here, the thickness of the water 
column influences the interface temperature reaching its minimum in the deep sea ranging 
between -1°C and 4°C. The magnitude of basal heat inflow is controlled by thermal and 
mechanical processes of the mantle and crust (Allen and Allen, 2005) and sourced by the 
radiogenic heat production (83%) of the crust and mantle and the cooling (17%) from its 
interior to its surface (Turcotte, 1980). On a global scale, this heat energy drives processes 
such as plate tectonics, orogeny and also sedimentary basin development. In the context of 
sedimentary basins its timely variation ultimately controls processes such as diagenesis, 
fluid transport, maturation of organic matter and hydrocarbon generation (Karg, 1998). 
Fourier’s heat conduction law (Eq. 1.6) states that a temperature difference is equilibrated 
by a heat flow. The magnitude of the heat flow hereby depends on the thermal conductivity 
of the medium and distance between these locations: 
TQ    (Eq. 1.6) 
where Q is the heat flow,   is the thermal conductivity tensor and T  the temperature 
gradient. According to the anisotropy of sedimentary rocks the tensor   is often assumed 
to have only two independent components, horizontally in a geological layer and vertically 
across a layer. The equation also implies that the temperature gradient is correlated to heat 
flow and thermal conductivity: 
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
Q
T   (Eq. 1.7) 
allowing e.g. the determination of present-day heat flows by measurement of subsurface 
temperatures and thermal conductivities of subsurface strata. Heat flows can vary 
significantly depending on the regional geologic situation. Highest heat flows occur in 
regions associated with magmatic activity and in extensional regimes (Sclater et al., 1980). 
Lowest heat flows occur in old tectonically stable cratons such as Precambrian shield areas, 
ocean trenches or compressional regimes. Present-day heat flow values can range from 30 
mW/m2 in these areas up to 120 mW/m2 in active rift systems (Allen and Allen, 2005). Littke 
et al. (2008) published a map of the present-day heat flows in the Central European Basin 
System (Fig. 1.2). 
 
Fig. 1.2: Present-day heat flow variations in the CEBS (Littke et al., 2008). 
1.5.3 Maturity Parameters 
Maturation and coalification are diagenetic processes altering organic matter. Here, mobile 
products such as gas and liquids are released and residual solid products are condensed due 
to their aromatization (Taylor et al., 1998). Whereas the term coalification is associated with 
the evolution of coal and coaly material from its peat to the meta-anthracitic stage, the 
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term maturation is commonly associated with the diagenetic development of organic 
matter leading to generation of petroleum and gas. Since changes in the nature of organic 
matter are mainly induced by thermal influences maturation is ultimately dependent on 
(maximum) temperatures the sedimentary rocks attained and their variation over geological 
time periods. Increasing temperature accelerates chemical reactions during maturation, 
hence, controls the degree of aromatization. Pressure rather retards these chemical 
reactions during maturation but stress promotes physico-structural coalification enforcing 
the alignment of the organic sheet-like aromatic lamellae (sub-)perpendicular to the 
principal maximum stress direction (Taylor et al., 1998). However, the influence of pressure 
does not become apparent or measurable, respectively, until high maturities are reached. 
Quantification of thermal maturity in sedimentary rocks is a crucial necessity for petroleum 
generation assessment and a key inflection point in burial history reconstruction (Barker and 
Pawlewicz, 1994). It can be executed utilizing a great number of geochemical and physical 
maturity parameters. Geochemical maturity parameters include e.g. the 
methylphenanthrene index, carbon preference index and Rock Eval-Tmax; physical maturity 
parameters comprise e.g. the conodont alteration index, apatite fission tracks, spore color 
index, illite criytallinity index and fluid inclusions. Amongst those parameters, vitrinite 
reflectance is one of the most commonly used and most accurate paleotemperature 
parameters to quantitatively assess the maturity and hydrocarbon potential of sedimentary 
rocks. In addition, it is a comparably fast method with a simple sample preparation (Taylor 
et al., 1998). 
Vitrinite is an organic phytoclast with terrestrial origin from higher land plants. It belongs to 
the group of macerals which can be understood as organic equivalents to rock-forming 
inorganic minerals. Macerals are the main constituents of most coals but are also ubiquitous 
in other sedimentary rocks. Amongst the different macerals (inertinite, vitrinite, liptinite) 
vitrinite takes an exposed role since it exhibits a clear and irreversible relationship to 
maximum temperatures it attained. With increasing temperature its optical reflectance also 
increases due to aromatization which in turn controls the refractive and adsorptive indices 
which the reflectance depends upon. Drop of temperatures after thermal peak events does 
not induce any changes in vitrinite reflectance.  
The evolution of vitrinite reflectance with temperature and time has been intensely studied 
over the last decades. Lopatin (1971), translated by Waples (1980) was the first to publish 
an equation for the relation of vitrinite reflectance to temperature. Nowadays, calculations 
of temperature evolution based on vitrinite reflectance data is mainly performed using the 
algorithm published by Sweeney and Burnham (1990): 
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 FeVR 7.36.1r
  (Eq. 1.8) 
where VRr is the mean vitrinite reflectance and F is a stoichiometric factor ranging from 0 to 
0.85 representing an array of activation energies and delivering results of up to 4.7% VRr.  
In the context of petroleum generation, the immature stage up to temperatures of 50-60°C 
is represented by values of 0.2-0.5% VRr which is equivalent to the peat, lignite and sub-
bituminous coal rank. 0.5-1.3% VRr corresponds to the mature petroleum generation stage 
up to temperatures around 120°C and the bituminous coal rank. Between 1.3-2% VRr up to 
temperatures of 150°C petroleum generation declines and wet gas production 
predominates. At maturities of 2-2.7% VRr which roughly corresponds to the semi-
anthracite rank dry gas is being produced. 
1.5.4 Petroleum Generation Kinetics 
One of the key aspects of petroleum system modeling is the assessment of petroleum 
generation and its spatial and temporal limits in sedimentary basins. It is sourced by the 
thermal degradation of macromolecular organic matter during burial (Welte et al., 1997) 
and its rate is controlled by the combined effects of exposure time of the source rock 
kerogen to respective temperatures and the kinetic reaction parameters for thermal 
degradation of that kerogen (di Primio and Horsfield, 2006). In petroleum system modeling 
these kinetic models of bulk petroleum generation are frequently used to predict its rate 
and timing in sedimentary basins (Tissot et al., 1987; Quigley et al., 1987; Ungerer, 1989; 
Pepper and Corvi, 1995a, b). The Arrhenius equation 







 RT
E
Aek  (Eq. 1.9) 
describes this dependency of hydrocarbon generation to temperature and exposure time. 
Here, k is the reaction rate, A is the frequency factor, E is the activation energy, R is the 
universal gas constant and T is the absolute temperature. A and E are properties of the 
reactant, i.e. oil- or gas-generating kerogen, and can be conceptualized as the measure of 
vibrational frequency and strength of molecular bonds (Pepper and Corvi, 1995a). 
By performing pyrolysis experiments with fixed reaction rates, thus chemical degradation 
reactions solely induced by thermal energy (Ericsson and Lattimer, 1988), the frequency 
factor and activation energy can be calculated. These experimentally derived factors based 
on high temperatures and fast reaction rates can then be extrapolated to geological systems 
with lower temperatures and slower reaction rates since basic pyrolysis reactions follow the 
same principles as in sedimentary basins during natural catagenesis (di Primio and Horsfield, 
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2006). However, in order to determine the bulk composition of the first-formed petroleum 
which is expelled from the source rock over geological time periods and to transfer it into a 
format that can be imported into pressure-volume-temperature (PVT) models (di Primio et 
al., 1998) it is crucial to know the original kerogen composition. All subsequent processes 
depend upon and modify it (di Primio and Horsfield, 2006). Thus, the extrapolation of the 
experimentally derived factors cannot be generalized but needs to be performed for each 
type of source rock kerogen. 
Many procedures for the prediction of bulk petroleum composition already exist (Horsfield, 
1989, 1990; Horsfield et al., 1990, 1993; Larter and Horsfield, 1993; di Primio and Horsfield, 
1996) although it is still in discussion which pyrolysis scheme is best suited for the task 
(Lewan, 1985; Monthioux et al., 1985; Horsfield et al., 1989). Advanced compositional 
kinetic models, able to predict the compositional evolution of generated fluids with two or 
more petroleum components were also established (Espitalié et al., 1988; Béhar et al., 1992, 
1997; Sweeney et al., 1992, 1995; Dieckmann et al., 1998; Abu-Ali et al., 1999; Boreham et 
al., 1999; Erdmann, 1999; Vandenbroucke et al., 1999) but none were able to reproduce the 
physical properties and phase state of the natural fluids. Di Primio and Skeie (2004) were 
the first to combine oil and gas generation kinetics (Dieckmann et al., 1998) and PVT 
modeling but the compositional resolution was based on observed hydrocarbon 
composition defined by live fluid PVT data instead of source rock pyrolysates (di Primio and 
Horsfield, 2006). Pyrolysis schemes seem to be unable of directly producing natural gas 
compositions (Mango, 1992, 1994, 1997, 2001) but since petroleum phase behavior and 
physical properties are highly influenced by the gas composition (di Primio et al., 1998; di 
Primio and Skeie, 2004), this gap needs to be closed (di Primio and Horsfield, 2006). Due to 
equation of state-based phase simulator features recently integrated into petroleum system 
modeling software, new interest in revisiting and resolving some of these issues was 
triggered. In this context, di Primio and Horsfield (2006) presented the “PhaseKinetics” 
approach. Here, hydrocarbon generation is simulated using phase-predictive compositional 
kinetic models (di Primio and Horsfield, 2006), consisting of a 14-component scheme and 
including secondary cracking. The “PhaseKinetics” approach links source rock organic facies 
to the petroleum type it generates. Using a combination of open- and closed-system 
pyrolysis techniques, bulk kinetic and compositional information is acquired; gas 
compositions are tuned based on a GOR-gas wetness correlation from natural petroleum 
fluids; corrected compositions are integrated into a 14-component compositional kinetic 
model (C1, C2, C3, i-C4, n-C4, i-C5, n-C5, C6, C7-C15, C16-C25, C26-C35, C36-C45, C46-C55 and C55+) 
which allows the prediction of petroleum properties. The components with more than 6 
carbon atoms can be subjected to secondary cracking, with the assumption that the only 
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compound generated is methane (Pepper and Corvi, 1995a, b). The calculation of petroleum 
phase behaviour under the subsurface conditions of hydrocarbon migration and 
entrapment is possible using these methods in combination with modern basin modeling 
software. 
1.6 Objectives 
The objective of this study is to apply basin and petroleum system modeling as well as 
petrographic analysis methods to a well known study area, comprising NW-Germany and 
the Netherlands, in order to test different assumptions on the geodynamic evolution as well 
as to quantify the influence of different thermo-tectonic scenarios on hydrocarbon 
generation and their implication for shale gas exploration. Hydrocarbon exploration in the 
study area has already a long lasting tradition. E.g. the Lower Saxony Basin in NW-Germany 
is one of the oldest oil-producing basins in the world, where the first production well was 
drilled in 1864. Due to their economic relevance the different basins in the study area have 
already been intensively investigated and they can consequently be regarded as well-known 
sedimentary basins including elements of petroleum systems. Extensive 1D and 2D basin 
modeling has already been performed in this area, while no high resolution 3D model was 
accomplished so far. 1D and 2D basin models usually lack the effect that 3D geometry has 
on temperature and pressure simulation results and cannot provide sufficient quantification 
of hydrocarbon potential and occurrence. Furthermore, unconventional petroleum systems 
have already been studied in this area but scientific and exploration focus had not yet been 
laid onto unconventional petroleum systems. In addition, the petrographic analysis of 
vitrinite reflectance until now had only been linked to the thermal evolution but not yet to 
the tectonic evolution of the study area. This approach can aid in understanding and proving 
modern assumptions on its geodynamic evolution. Therefore, this study contributes to 
three different aspects: 
I. Reconstruct and quantify the burial and thermal history in order to improve the 
understanding of the geodynamic evolution of NW-Germany and the Netherlands. 
II. Deliver a thermally calibrated 4D basin model as a basis for investigations of the 
unconventional petroleum systems’ evolution in the study area. 
III. Application of new experimentally derived sorption parameters from source rock 
samples of the study area in order to provide GIP results independent from U.S. 
analogue data and quantify the shale gas potential of the study area. 
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Chapters 2 and 3 were published as: 
BRUNS, B., DI PRIMIO, R., BERNER, U. & LITTKE, R. (2013) Petroleum system evolution in the 
inverted Lower Saxony Basin, Northwest Germany: a 3D basin modeling study. 
Geofluids, 13(2), 246-271. 
BRUNS, B., LITTKE, R., GASPARIK, M., VAN WEES, J.-D. & NELSKAMP, S. (2015) Thermal 
Evolution and Shale Gas Potential Estimation of the Wealden and Posidonia Shale 
in NW-Germany and the Netherlands: a 3D Basin Modeling Study. Basin Research, 
DOI: 10.1111/bre.12096. 
These chapters focus on the basin and petroleum system modeling workflow. Here, the 
geodynamic evolution has been reconstructed giving new quantitative results of the basal 
heat flow and erosion history. Based on the thermo-tectonic reconstruction GIP results for 
some of the most promising gas shales in the study area are given. Adsorption capacity and 
GIP based on simulation results using PetroMod® (v.2012.1) and initially published in Bruns 
et al. 2015 were revised in chapter 3 using PetroMod® (v.2013.2). 
Chapter 4 was published as: 
BRUNS, B. & LITTKE, R. (2015) Lithological dependency and anisotropy of vitrinite 
reflectance in high rank sedimentary rocks of the Ibbenbüren area, NW-Germany: 
Implications for the tectonothermal evolution of the Lower Saxony Basin. 
International Journal of Coal Geology, 137:124-135. 
This chapter deals with the petrographic analysis of vitrinite reflectance assessing its 
lithological dependency by the enclosing strata and the utilization of its anisotropic 
character in high rank sedimentary rocks as indicator for tectonic stress. The last chapter 
gives an overview on the results presented and discussed in the previous chapters providing 
a comprehensive summary and outlook. 
1.7 List of Publications 
The following articles and conference contributions were published or will be published in 
the framework of this thesis: 
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2 Petroleum system evolution in the inverted Lower Saxony Basin, 
Northwest Germany: a 3D basin modeling study 
2.1 Abstract  
The Lower Saxony Basin in northwest Germany is one of the oldest oil-producing basins in 
the world where the first production well was drilled in 1864. It has been intensively 
investigated with respect to its hydrocarbon potential and can be regarded as a well-studied 
example of a sedimentary basin that experienced strong inversion and uplift. Oil and gas 
source rocks of economic importance include Upper Carboniferous coals as well as Jurassic 
(Toarcian Posidonia Shale) and Cretaceous (Berriasian/Wealden) shales. We have developed 
a fully integrated 3D high resolution numerical petroleum systems model incorporating the 
Lower Saxony Basin, and parts of the Pompeckj Block in the north as well as the 
Münsterland Basin in the south. Aside from temperature and maturity modeling calibrated 
by a large amount of vitrinite reflectance and downhole temperature data, we also 
investigated petroleum generation and accumulation with special emphasis on the shale gas 
potential of the Jurassic Posidonia Shale.  
2.2 Introduction 
The Lower Saxony Basin in NW-Germany is one of many sedimentary basins within the 
Central European Basin system (Littke et al., 2008) (Fig. 2.1). Its evolution commenced 
during the Late Permian with extension and moderate subsidence. Much stronger Permian 
and Triassic subsidence and rifting occurred in the Pompeckj Basin (syn. Pompeckj Block) 
north of the Lower Saxony Basin (Fig. 2.2), where several thousand meters were deposited 
in north-south trending graben systems (van Wees et al., 2000; Stollhofen et al., 2008). 
During the Liassic basin differentiation and the formation of various sub-basins set in. In the 
Lower Saxony Basin, highest subsidence rates were reached in Late Jurassic to Early 
Cretaceous times. While the basin subsided the adjacent structural blocks bounding the 
Lower Saxony Basin underwent intense uplift. During the Late Cretaceous the basin itself 
was inverted due to compressional effects resulting from the Alpine orogeny (Voigt et al., 
2008; Sirocko et al., 2008). During this inversion period up to 6000–7000 m of basin infill has 
been uplifted and eroded (Senglaub et al., 2005, 2006; Adriasola-Muñoz et al., 2007). 
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Fig. 2.1: Central European Basin depocentres in contrast to present-day topography. 
Outlined are the Early Permian (Rotliegend) basins (NPB – Northern Permian Basin, 
SPB – Southern Permian Basin, PT – Polish Trough) (Maystrenko et al., 2008). 
 
Fig. 2.2: Overview of the study area in North-West Germany (modified after 
Senglaub et al., 2005). 
Oil and gas source rocks of economic importance include Upper Carboniferous coals as well 
as Jurassic (Toarcian Posidonia Shale) and Cretaceous (Berriasian/Wealden) shales which 
crop out along the basin margins and on structural highs within the basin. The Lower Saxony 
Basin is one of the most important German oil and gas provinces with a proven high 
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hydrocarbon potential. Petroleum exploration in this basin started already in 1864 and since 
then more than 100 oil fields have been discovered, more than 10.000 wells have been 
drilled and more than 100.000 km of seismic data have been shot. Thus, the Lower Saxony 
Basin can be regarded as a well-known example of a sedimentary basin that experienced 
strong inversion (Adriasola-Muñoz et al., 2007). 
In recent years extensive 1D and 2D basin modeling was performed and published for this 
area (e.g. Petmecky et al., 1999; Senglaub et al., 2005; Adriasola-Muñoz et al., 2007; 
Schwarzer and Littke, 2007; Uffmann et al., 2010). 1D and 2D basin models usually lack the 
effect that 3D geometry has on temperature and pressure simulation results. This includes, 
for example, pressure dissipation below salt layers or lateral heat flow influence and heat 
accumulations in anticlinal structures. Furthermore, petroleum migration and accumulation 
can be better evaluated in 3D models. Uffmann and Littke (2011) published a first, large 
scale 3D model of the entire Central European Basin System (CEBS) extending from the 
North Sea to Poland (800x600 km, grid resolution 4x4 km) providing an overview on the 
evolution of this area. This model provides an excellent overview on the evolution of this 
basin system, but does not provide sufficient detail for exploration and prospect evaluation.  
Thus, integrated into the Gas Shales in Europe (GASH; http://www.gas-shales.org) initiative, 
we developed a fully integrated, 3D high resolution (over 20 Mio. grid cells) numerical 
petroleum systems model (PetroMod® v.2011.1, Schlumberger) covering an area of 200x150 
km incorporating the Lower Saxony Basin, the southern part of the adjacent Pompeckj Basin 
and the northern part of the adjacent Münsterland Basin with special emphasis on the shale 
gas potential of the Jurassic Posidonia Shale.  
Based on thermal calibration by means of VRr (random vitrinite reflectance) measurements 
and DHT (down hole temperature) data from a total of 462 wells and outcrops within the 
study area, erosion and basal heat flow maps were compiled. Based on the great number of 
available calibration data we modeled maturity distribution through time for different 
stratigraphic layers. Such basin models are necessary for quantitative understanding of 
petroleum generation, migration and accumulation and have the potential to provide 
information on these processes. 
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2.3 Geological Background 
2.3.1 Tectonic Processes 
In order to comprehend the development of the Lower Saxony Basin it has to be regarded in 
the context of the evolution of the much larger Central European Basin System (CEBS) (Fig. 
2.3). 
The CEBS reaches from the North Sea area to Poland and from Norway to the midlands of 
Germany. Remarkably, most of the Permian to Recent basin fill is not folded and displays 
horizontal to sub-horizontal characteristics, while its roots are composed of Carboniferous 
and Pre-Carboniferous sedimentary rocks which are folded in the south (Littke et al., 2000). 
The northern limits of this fold belt of Variscan age are not exactly known. 
Basin evolution started in the Permian and Triassic (Stollhofen et al., 2008) when three 
major sub-basins were formed: the Northern and Southern Permian basins and the Polish 
Trough. Successive processes involving external and internal tectonics induced the 
deformation of the CEBS and contributed to changes in terms of crustal properties, internal 
structure, rock and fluid characteristics. The present-day crustal aggregation of the CEBS 
was initiated by terrane amalgamation on the Precambrian Baltic and East European Craton 
during the Precambrian and Palaeozoic (Maystrenko et al., 2008).  
In Latest Carboniferous-Early Permian times the CEBS was dominated by faulting and 
considerable igneous activities (Gast, 1988; Plein, 1990; Ziegler, 1990; Dadlez et al., 1995; 
Bachmann and Hoffmann, 1997; Bayer et al., 1999; Abramowitz and Thybo, 1999). The 
foreland basin which evolved in front of the Variscides under the actual Permian basin 
system strikes SW-NE whereas the CEBS displays a NW-SE strike. Obviously the difference in 
basin strike results from changes of the stress regime in the Late Carboniferous-Early 
Permian. Thick volcanic rhyolites and ignimbrite series at the base of the Lower Permian 
(Rotliegend) reveal partial crustal melting (Breitkreuz et al., 2008). At this time also 
metamorphic alterations of the lower crust leading to increased rock densities and reduced 
rock volumes were triggered. Brink (2005 a, b) assumed that the decrease in volume 
accounts for about 30% of the basin subsidence while 70% are associated with the 
sedimentary load. In addition, the thermal anomaly in Late Carboniferous-Early Permian 
times is considered to have lasted for roughly 25 Ma (~300-275 Ma) (Maystrenko et al., 
2008). Thus, subsidence during the Permian was mainly influenced by thermal relaxation of 
the lithosphere and sedimentary loading (Ziegler, 1990; Scheck and Bayer, 1999; van Wees 
et al., 2000).  
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Fig. 2.3: Major depositional cycles, major source rocks, peak transgressions, rifting 
and halotectonic phases of the Central European Basin System (modified after 
Bachmann et al., 2008). LSB = Lower Saxony Basin, MB = Münsterland Basin, PB = 
Pompeckj Basin; U = Unconfomorties: LU = Laramide (Base Paleocene), LCU = Late 
Kimmerian (Base Bückeberg Fm.), MCU = Middle Kimmerian (Base Dogger), ECU = 
Early Kimmerian (Base Arnstadt Fm.), HU = Hardegsen (Base Solling Fm.), A III = 
Altmark III, A I = Altmark I, SU = Saalian, VU = Variscan; Star = major volcanism. 
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During the Triassic the CEBS was influenced by extensional tectonics resulting in the 
evolution of sub-basins. The Triassic was dominated by global plate reorganization, initiating 
the break-up of Pangaea (Ziegler, 1990). The partition of Pangaea was accompanied by Late 
Jurassic-Early Cretaceous rifting in the CEBS leading to the formation of the Lower Saxony 
Basin (Adriasola-Muñoz et al., 2007). The Lower Saxony Basin is bounded by the Pompeckj 
Basin (north), the Gifhorn Trough (east), the Rhenish Massif/ Münsterland Basin (south) and 
the East Netherlands High (west) (Petmecky et al., 1999). Due to observable thickness 
variations and general basin structure it can be concluded that the Lower Saxony Basin was 
initially a large, asymmetric and internally faulted graben. In the Kimmeridge, rapid 
subsidence of the Lower Saxony Basin was induced (Petmecky et al., 1999; Voigt et al., 
2008). While the basin subsided rapidly the adjacent Central Netherlands High, the Rhenish 
Massif/ Münsterland Basin and the Pompeckj Basin underwent intense elevation. During 
Late Cretaceous and Early Tertiary times when Iberia/Gondwana and Eurasia collided, the 
Subhercynian/Laramide tectonic phase induced uplift and inversion of the Lower Saxony 
Basin (Maystrenko et al., 2008). Inversion and erosion were most pronounced in the former 
basin centre, while it decreased towards the north. Up to 7000 m of sediments were eroded 
during this period. Thus, highly compacted and matured sedimentary rocks can now be 
found at the earth’s surface while the sedimentary record of the Upper Cretaceous is almost 
lost (Senglaub et al., 2005). During Tertiary times sedimentation recommenced and was 
disturbed by a new inversion possibly associated with the Pyrenean tectonic pulse (de Jager, 
2003). Marginal erosion was induced from the Miocene on (Senglaub et al., 2005) and was 
followed by minor sedimentation during the Quaternary (Petmecky, 1998). 
2.3.2 Stratigraphic Framework 
The occurrence of small coal seams within Upper Namurian strata mirrors the shifting 
depositional setting from marine in Devonian to partly terrestrial in Namurian times 
(Hedemann et al., 1984). Numerous coal seams as well as large amounts of dispersed 
organic matter are characteristic for the Westphalian sediments (Scheidt and Littke, 1989). 
Upper Carboniferous deposits belong to a deltaic system with fluvial and marine influences 
(mostly silt- and sandstones with interbedded coal seams) (Senglaub et al., 2005). The Late 
Carboniferous (Pennsylvanian) coal-bearing sequence is known to act as major source rock 
for the gas in the basin (Littke et al., 1995), whereas gas reservoirs are mainly Permian 
sandstones and carbonates, but also to a minor extent Carboniferous and Triassic 
sandstones. At the end of the Westphalian the southern parts of the Late Carboniferous 
sedimentation area in Northern Germany were affected by the late Variscan folding. In the 
study area the Late Carboniferous inversion eroded parts of the Westphalian C and D. 
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Erosion thicknesses amount up to a maximum of 4000 m in the area of the Münsterland 
Basin (Büker et al., 1995). In the northern part of the study area Stephanian sand- and 
siltstones disconformably overlie the Westphalian sequences, thus showing that the 
Variscan foreland was also widely deformed and eroded by Variscan movements (Uffmann 
et al., 2010). 
Stephanian and Rotliegend (Autunian) deposits are rare in the Lower Saxony Basin and 
confined to its northern part. They can rather be found in great thickness and with 
abundant volcanoclastic material in the area of the Pompeckj Basin further north 
(Maystrenko et al., 2010).  
The Zechstein is essentially characterized by marine chemical sediments and is mainly 
composed of cyclical sequences of carbonate, anhydrite and salt (Warren, 2008). The total 
thickness of Zechstein salts amounts to more than 1000 m in the CEBS (Stollhofen et al., 
2008). This salt acts as important regional seal for hydrocarbon gas within Rotliegend 
sandstones and Zechstein carbonates (Petmecky, 1998). 
The Lower Triassic Buntsandstein is represented by red-coloured clastics with a thickness of 
up to 1500 m in NW-Germany. These clastics accumulated in a terrestrial to lacustrine and 
fluvio-deltaic environment (Stollhofen et al., 2008). The Tethys and the North German Basin 
were connected by the Carpathian and Burgundy Gate in Muschelkalk times initiating 
marine conditions (Schönenberg and Neugebauer, 1987). The Middle Triassic succession is 
characterized by carbonates (Lower and Upper Muschelkalk) with interbedded evaporites 
(Middle Muschelkalk) (Petmecky et al., 1999). During the Late Triassic (Keuper) sea level 
dropped and salinity increased. Clastics predominate this succession which includes tidal 
flat, sabkha and playa lake sediments (Stollhofen et al., 2008). Local fluctuations of layer 
thicknesses within the CEBS are due to the onset of halokinetic movements which were 
more pronounced in the area of the Pompeckj Basin (Fig. 2.2) than in the Lower Saxony 
Basin. In the Rhaetian, global sea-level rise re-established epicontinental marine conditions. 
A sedimentary succession comprising marls, carbonates, sands and shales, including organic 
rich Toarcian black shales (Posidonia Shale) accumulated (Senglaub et al., 2005) dividing the 
basin into an eastern shallow sandy shelf and a western deep shelf with pelitic sediments. 
The shallowing water depth in Middle Jurassic times is indicated by an enhancement of 
sandy intercalations within the marine shale series as well as by numerous transgressive-
regressive cycles. The influx of clastics was reduced during the Late Callovian and open 
marine shales with minor carbonates prevail in the Oxfordian sequence (Petmecky et al., 
1999). During the Upper Jurassic (Malmian) the North German Basin was thoroughly 
reshaped. Crustal stretching processes induced divergent wrenching leading to the 
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formation of several sub-basins. During the Kimmeridgian NW-SE orientated fault systems 
mark the final differentiation of the Lower Saxony tectogene in horst and graben structures 
(Petmecky, 1998). Halokinetic movements and sea level fluctuations also contributed to 
strong differences in thickness and lateral facies changes in the subsiding areas (Stollhofen 
et al., 2008). 
In late Upper Jurassic times (Upper Malmian) evaporitic and saline conditions led to 
formation of carbonates and evaporites reaching thicknesses of up to 1500 m in the basin 
centre. Latest Jurassic and earliest Cretaceous times were dominated by the regression of 
the sea (Mutterlose, 2000; Senglaub et al., 2005). The depositional conditions in the Lower 
Saxony Basin were predominantly shallow marine with terrestrial sediments being confined 
to the uppermost Jurassic and lowermost Cretaceous (Wealden) (Petmecky et al., 1999). 
Until the Barremian and earliest Aptian dark-coloured clastic sediments with increased 
concentrations of organic matter were deposited. Later, light coloured marls prevail in the 
sedimentary record. In the Turonian and Coniacian carbonate deposition continued with 
varying thicknesses in the study area. A period of inversion leading to the erosion of large 
amounts of Cretaceous and locally even older sediments started in Late Cretaceous times 
(Petmecky et al., 1999). Locally, the erosion reached as deep as the Carboniferous. In the 
main parts of the Lower Saxony Basin, however, the erosion stopped in the Buntsandstein 
layer. The fault controlled inversion phase lasted until Campanian times and was since then 
substituted by an overall uplifting until the end of the Cretaceous (Kockel et al., 1994). 
Skimmed by erosion the sedimentary record of the Upper Cretaceous is nearly lost 
(Senglaub et al., 2005).  
Due to the northward tilting of the Lower Saxony Basin sedimentation of sands and clays 
resumed again in the Paleocene and Eocene. These sediments partly underwent denudation 
(Betz et al., 1987) and are only present in minor thicknesses in the south of the basin. In the 
Eocene a significant sea level rise flooded the North German Basin and connected it 
seawards with the Dnepr-Donets Basin (Voigt et al., 2008). At the end of the Eocene uplift of 
the southern and northern boundaries of the CEBS occurred together with dropping sea 
levels. During the Early Oligocene a rapidly rising eustatic sea level flooded the basin again, 
connecting the Rhine Graben and the North Sea through the Hessian Depression. The still 
active alpine orogeny at the Oligocene/Miocene boundary altered the whole basin structure 
(Sirocko et al., 2008; Uffmann et al., 2010). During the Miocene and Pliocene only minor 
transgressions occurred. The thickness of Quaternary sediments increases northwards but is 
generally low. 
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2.4 Methods 
A 3D basin model was built using PetroMod® v. 2011.1 software (Schlumberger). The main 
idea of numerical basin modeling is to mathematically conceive a basic comprehension of 
chemical and physical processes leading to the evolution of a sedimentary basin (Neunzert 
et al., 1996). Numerical basin modeling provides an integrated approach to understand and 
reconstruct significant geological developments occurring during the basin’s history (Welte 
and Yalcin, 1987; Poelchau and Zwach, 1994). Since basin evolution is mainly characterized 
by irreversible processes that do not lend themselves to inverse modeling, scientists 
quantitatively attempting to model the history of a basin can only design and apply forward 
models (Cross and Harbaugh, 1990).  
Thus, basin modeling can be understood as a dynamic forward modeling approach of 
geological processes in sedimentary basins over geological time periods. It comprises 
deposition and compaction, pore pressure calculation, temperature and heat flow 
estimation, the kinetics of calibration parameters such as vitrinite reflectance or biomarkers, 
modeling of hydrocarbon generation, adsorption and expulsion processes and fluid 
migration and composition analysis (Hantschel and Kauerauf, 2009).  
As a first step of basin modeling the acquisition of data from general and regional geological 
knowledge, from wells and/or from seismic interpretation, is of utmost importance. The 
proper analysis of the sequential geometrical arrangement of rock strata and their 
chronostratigraphic attributes make up the basis for the accurate depiction of the basin’s 
geometry and of a time sequence for the most significant geological events during basin 
evolution. Establishing the present-day geometry of the basin was achieved by utilizing 
different sources: The surface morphology has been adopted from the GEBCO Digital Atlas 
(IOC, IHO and BODC, 2003). Pleistocene to Zechstein thicknesses are derived from the 
Geotectonic Atlas of NW-Germany (Baldschuhn et al., 1996). Zechstein carbonate to 
Rotliegend thicknesses were provided by GFZ Potsdam (Maystrenko et al., 2010). The 
dataset for the Carboniferous has been adopted from Gerling et al. (1999b). At the base of 
the model the Lower Carboniferous Dinantian and the Upper Devonian have been each 
assigned a uniform thickness of 400 m representing only a rough estimation for the 
formation‘s thicknesses since no publically available well has been drilled into these 
horizons within the study area. Additionally, an underlying basement layer with an uniform 
thickness of 1000 m has been added. Initial data of the Geotectonic Atlas of NW-Germany 
comes with a horizontal resolution of 150 m2. The used grid cell size, however, has been 
decreased to 500 m2. The stratigraphically older layers feature a resolution of 2 km. The 
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vertical pseudo-resolution or maximum cell thickness has been set to 400 m which is 
particularly important when modeling transfer of effective stress, HC migration, etc. from 
one cell to another. The combination of horizontal and vertical resolution as well as study 
area size sums up to a total grid cell number of over 20 Mio. cells. The model consists of 26 
different stratigraphic layers excluding the basement layer (Fig. 2.4) covering a present-day 
depth interval of 13 km from top to bottom. Fig. 2.5 and Fig. 2.6 show examples of the 
present-day top depth and thickness distribution of some of the source rock members 
included in the model (after Baldschuhn et al., 1996). 
 
Fig. 2.4: View into the 3D basin model from southeast depicting the present-day 
layer geometry (colors according to the International Commission on Stratigraphy 
2008, yellow arrow points to the north, vertical scale in metres, horizontal scales in 
Gauss-Krüger coordinates). 
Additionally, the definition of the petrophysical parameters such as lithology, depth 
dependent porosity and permeability, thermal conductivity as well as definition of the 
thermal boundary conditions represented by the sediment-water interface temperature, 
basal heat flow and radiogenic heat production of the basin infill, is an essential part of the 
model. Lithological information and lateral facies distribution were derived from Ziegler 
(1990), Gerling et al. (1999a) and Doornenbal and Stevenson (2010). Tab. 2.1 lists the 
different stratigraphic units and their deposition timing as well as the petrophysical 
properties of the mainly user-defined lithologies applied in this model. 
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Fig. 2.5: Depth map of the top Wealden (bottom) and thickness map of the Upper 
Jurassic and Wealden (top) (modified after Baldschuhn et al., 1996). 
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Tab. 2.1: Age assignment and petrophysical properties of the user defined lithologies. For layers with lateral lithofacies differentiation the main 
lithologies have been listed. 
Stratigraphic Nomenclature
Depositional 
Age Lithologies
                      
Thermal 
Conductivity Heat Capacity
[Ma] at 20°C/300°C 
[W/(m*K)] U [ppm] Th [ppm] K [%]
at 20°C/300°C 
[kcal/(kg*K)]
Density 
[kg/m^3]
Initial 
Porosity [%]
Athy's factor k 
[km-1]
Quaternary, Pliocene, Middle 
Miocene 0 - 16 Sandstone (clay rich) 3.35/2.43 1.5 5.1 3.6 0.2/0.29 2760 40 0.32
Lower Miocene 16 - 23 Sandstone (clay rich) 3.35/2.43 1.5 5.1 3.6 0.2/0.29 2760 40 0.32
Rupel & Upper Oligocene 23 - 28 Sandstone (clay rich) 3.35/2.43 1.5 5.1 3.6 0.2/0.29 2760 40 0.32
Upper Eocene & Middle Oligocene 28 - 37 Sandstone (clay rich) 3.35/2.43 1.5 5.1 3.6 0.2/0.29 2760 40 0.32
Paleocene & Lower Eocene 37 - 65 Sandstone, Shale 2.55/2.12 2.5 7.75 2 0.2/0.29 2710 55 0.57
Upper Cretaceous 99 - 89 Limestone (Chalk), Marl, Shale (organic lean, silty) 2.38/2.05 2.25 3.8 1.19 0.2/0.29 2690 62 0.73
Lower Cretaceous 99 - 142 Sandstone, Shale, Siltstone (organic lean), Limestone (shaly) 2.24/2.00 2.37 6.6 1.57 0.2/0.29 2716 55 0.56
Upper Jurassic & Wealden 142 - 156 Shale (organic rich), Marl, Limestone 1.41/1.67 4.55 10.75 2.59 0.21/0.3 2617 67 0.78
Dogger 156 - 177 Sandstone (clay rich) 3.35/2.44 1.5 5.1 3.6 0.2/0.29 2760 40 0.32
Lias - Posidonia Shale 177 - 179 Marl, Limestone (micrite) 1.44/1.68 10.5 7.5 1.75 0.21/0.3 2615 59 0.67
Lias 179 - 200 Shale (organic rich, typical) 1.25/1.61 5 15 2.8 0.21/0.3 2600 70 0.83
Keuper 200 - 235 Shale, Marl, Gypsum, Anhydrite, Sandstone (clay rich) 2.34/2.03 2.52 7.56 2.18 0.2/0.29 2695 49 0.55
Röt & Muschelkalk 235 - 244 Limestone (shaly), Shale, Sandstone, LimeEvap 2.13/1.95 2.17 5.9 1.47 0.18/0.26 2446 48 0.51
Lower & Middle Buntsandstein 244 - 251 Sandstone, Shale (organic lean), Siltstone (organic lean) 3.55/2.51 1.49 4.08 1.34 0.2/0.29 2719 44 0.36
Zechstein 251 - 256 Salt 6.50/3.66 0.02 0.01 0.1 0.2/0.29 2740 1 Not compactable
Zechstein Carbonate 256 - 258 Limestone (ooid grainstone), Limestone (organic rich, Limestone (shaly), Limestone (micrite) 2.75/2.19 1.75 1.52 0.33 0.2/0.28 2729 42 0.24
Rotliegend 258 - 277 Sandstone, Conglomerate 3.01/2.30 2.08 5.3 1.74 0.2/0.28 2710 35 0.3
Permo-Carboniferous Volcanics 277 - 300 Basalt (weathered) 2.01/1.94 0.9 2.7 0.8 0.19/0.27 2870 15 Not compactable
Stephanian 300 - 303 Sandstone, Siltstone (organic lean), Shale 3.17/2.36 1.68 4.65 1.38 0.22/0.3 2718 47 0.4
Westphalian D 306 - 309 Sandstone, Shale (organic rich), Coal, Siltstone (organic rich) 3.00/2.29 1.98 5.06 1.58 0.22/0.3 2642 49 0.42
Westphalian C 309 - 312 Sandstone, Shale (organic rich), Coal, Siltstone (organic rich) 3.00/2.29 1.98 5.06 1.58 0.22/0.3 2642 49 0.42
Westphalian A+B 312 - 316 Sandstone, Shale (organic rich), Coal, Siltstone (organic rich) 3.00/2.29 2.71 6.76 1.88 0.22/0.31 2620 55 0.52
Namurian C 316 - 317 Sandstone, Siltstone, Coal (silty) 3.19/2.37 1.51 3.85 1.19 0.21/0.3 2662 46 0.36
Namur A+B 317 - 326 Sandstone, Siltstone (organic rich), Shale 2.79/2.21 1.65 4.15 1.14 0.22/0.3 2714 50 0.44
Dinantian 326 - 358 Limestone (micrite), Limestone (organic rich), Limestone (shaly), Sandstone (clay rich) 2.21/1.98 2.6 6.63 2.23 0.2/0.28 2680 56 0.66
Upper Devonian 358 - 380 Shale, Sandstone (clay rich) 3.00/2.29 2.65 3.6 0.95 0.2/0.29 2717 49 0.5
For layers with lateral lithofacies differentiation, the main lithologies have been listed.
Radiogenic Elements Mechanical Properties
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Fig. 2.6: Depth map of the top Toarcian (Posidonia Shale) (modified after 
Baldschuhn et al., 1996). A constant layer thickness of 50 m has been assigned to 
the Posidonia Shale. 
2.5 Results 
2.5.1 Model Input and Calibration 
Frequently used calibration parameters comprise downhole temperature data, vitrinite 
reflectance values and various chemical maturity indices (Littke et al., 2008). In case of a 
poor match between measured and calculated values the input data has to be changed in a 
geologically reasonable way. This is mainly achieved by changing the petrophysical rock 
parameters, the heat flow history and/or by increasing or reducing the amount of erosion. 
Due to the numerous influencing factors with respect to the temperature regime the basin 
evolution is not always uniquely defined. It is possible to create different scenarios all 
leading to a similar simulation result. In this case it needs to be determined which scenario 
is most simple and most reasonable (Beha et al., 2008).  
The geotectonic evolution of the study area indicates regions with variable heat flow 
evolution through time. Therefore each of the structurally differentiated blocks within the 
study area has been assigned a unique heat flow trend (Fig. 2.7). These heat flow trends 
(Fig. 2.8) were in parts derived and modified from different research projects, based on 
apatite fission track, vitrinite reflectance, and downhole temperature data (Brink et al., 
1992; Neunzert et al., 1996; Petmecky, 1998; Rodon and Littke, 2005; Adriasola-Muñoz et 
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al., 2007). All trends display the early Permian volcanic activity represented by a maximum 
heat flow of 80-90 mW/m2 followed by gradual cooling to a typical continental heat flow of 
60 mW/m2 (Allen and Allen, 2005) until Triassic times (“HF Plot: Münsterland Basin”). “HF 
Plot: Lower Saxony Basin” includes a second heat flow maximum of 85 mW/m2 in the Lower 
Saxony Basin due to crustal thinning and following basin initiation during the Malmian. The 
deepest burial of the Pompeckj Basin is observed in recent times. To achieve a match with 
the existing calibration data, lower heat flows of 50 mW/m2 need to be applied in the 
northern part of the study area for Tertiary times (“HF Plot: Pompeckj Block”).  
 
Fig. 2.7: Heat flow assignment map of the study area. Each color represents a 
different basal heat flow trend through time. 
 
Fig. 2.8: Heat flow trends through time for the different structural blocks in the 
study area. 
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Assumptions on the sediment water interface temperature were based on work by Wygrala 
(1989) which is an implemented feature of the software used. Fig. 2.9 shows the surface 
temperature trend through time for the study area. Palaeo water depth trends based on 
and modified from internal data and several publications (Kockel, 2002; Miller et al., 2005; 
Littke et al., 2008) have been included in this model to consider the additional burial depth 
caused by the overlying water mass. Modifications of the global sea level fluctuations were 
due to the need to reflect the regional tectonic events and dependent eustatic sea level 
changes in the study area. Thus, according to the tectonic evolution of the different 
structural blocks we have included two different trends representing the Kimmerian and 
Subhercynian inversion phases. 
 
Fig. 2.9: Sediment-water interface temperature trend through time (after Wygrala, 
1989). 
The thickness distribution of Zechstein (uppermost Permian) to recent layers has been 
provided by the Geotectonic Atlas of NW-Germany (Baldschuhn et al., 1996). To model the 
geometrical evolution of salt diapirism a combination of PetroMod®’s salt tectonic tool 
which linearly interpolates thickness variations through time and an assemblage of 10 
palaeo thickness maps defining the salt thickness distribution at certain points of time have 
been applied. The palaeo thickness maps are essential for correcting palaeo geometries and 
considering the different timing of salt movement in the study area. The volume has been 
kept constant through time which is a necessary simplification because not all salt structures 
can be modeled in detail in an area of 30.000 km2.  
2.5.2 Calibration Data 
A large amount of data could be utilized to calibrate the thermal evolution of the model. 
This comprises vitrinite reflectance data from well cores, outcrops and adit mappings 
provided by own measurements and internal data (mainly based on numerous unpublished 
bachelor and master theses at RWTH Aachen University), published data (Hecht et al., 1962; 
Bartenstein et al., 1971; Teichmüller et al., 1979; Altebaeumer, 1982; Teichmüller et al., 
1984; Teichmüller and Teichmueller, 1985; Littke et al., 1988; Leischner et al., 1993; 
Leischner, 1994; Büker et al., 1995; Neunzert et al., 1996; Petmecky, 1998; Littke et al., 
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1998; Senglaub et al., 2006; Blumenstein et al., 2008; Schwarzer and Littke, 2007; Nelskamp 
et al., 2008) and the hydrocarbon database of the Federal Institute for Geosciences and 
Natural Resources (BGR) as well as downhole temperature data from internal data and 
provided by EXXON Mobil. In total calibration data at 462 locations in the study area were 
available. Stratigraphically, the data set covers Westphalian to Tertiary sedimentary rocks. 
This dataset has been quality checked and categorized (Tab. 2.2). The most reliable category 
(I) consists of VRr profiles covering deep wells and including Carboniferous samples 
containing coals or dispersed coaly material. Also wells with both VRr and DHT profiles are 
listed here. The second category (II) includes isolated Carboniferous samples or VRr profiles 
excluding the Carboniferous. The third category (III) represents data with only a few values 
excluding the Carboniferous and the fourth and lowest quality category (IV) consists of only 
one single non-Carboniferous value. An additional category (V) has been implemented to 
account for locations with only DHT data available. 
Tab. 2.2: Quality categorization of the available calibration dataset. 
Wells %
No. Color %
I     74 16.02
II 61 13.2
III 74 16.02
IV 216 46.75
V 37 8.01
462 100
Category
Total  
 
2.5.3 Erosion Maps 
Three major erosion phases affected the different structural elements of the study area. The 
Variscan tectonic phase induced uplift throughout most parts of the study area leading to 
erosion of Westphalian rocks in the Late Carboniferous/Early Permian. The Münsterland 
Basin in the south and Pompeckj Basin in the north of the study area were inverted during 
the Kimmerian tectonic phase in the Early Lower Cretaceous. Mainly Upper and Middle 
Jurassic deposits were eroded during this period. Finally, the Lower Saxony Basin underwent 
intense elevation due to the Subhercynian tectonic event during the Upper Cretaceous 
removing large amounts of Cretaceous, Jurassic and Triassic and even Palaeozoic deposits. 
For each of those events, erosion maps were compiled defining the amounts of eroded 
overburden according to the calibration with available VRr measurements.  
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To establish erosion maps we initially applied a multi 1D approach: 1D models at 424 
locations were extracted from the 3D model depicting the present day thickness distribution 
of the different stratigraphic layers. The erosion amounts were then added by means of 1D 
temperature and pressure simulations calibrated with VRr data. Erosion maps were then 
compiled by locally defining the erosion amounts and using inverse distance interpolation 
for the areas in between (Fig. 2.10). After a quality check of the calculated maturities based 
on the compiled erosion maps in a 3D temperature and pressure simulation approach the 
amounts of eroded overburden were slightly corrected to match the available calibration 
data.  
 
Fig. 2.10: Flow chart of the applied workflow of erosion map compilation. 1D basin 
models were used for calculation of eroded thicknesses (upper left). Data were 
plotted in multi 1D maps (lower left). Erosion maps were compiled by interpolation 
of the multi 1D maps (lower right). A final 3D model was created, in which minor 
refinements of eroded thicknesses were performed until an optimal calibration 
(upper right) was achieved. 
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Based on maps of initial (Drozdzewski and Wrede, 1994; Krull, 2005) and present-day 
thickness distribution of the Westphalian an erosion map of the Variscan inversion was 
compiled. Drozdzewski and Wrede (1994) assumed a primary Westphalian thickness of 4000 
m south of the Lower Saxony Basin, whereas Krull (2005) assumed a lower amount of 3000 
m for the same area. Assumptions on the geometrical distribution of the initial thickness in 
both publications roughly resemble each other. Compiling the erosion map by subtracting 
the present-day Westphalian thickness from these initial thickness maps produced (for both 
publications) results of eroded overburden that were too small to match the available 
calibration data in the south, i.e. in the Münsterland Basin, where maximum burial and 
temperature were already reached in the Carboniferous. Therefore, instead of using the 
results based on Drozdzewski and Wrede (1994) and Krull (2005) for this part of the study 
area, we modified this part of the map by increasing the amount of eroded overburden 
using the above mentioned multi 1D approach. This was only possible for the Münsterland 
Basin since maturities in the Lower Saxony Basin and Pompeckj Basin reached in the 
Carboniferous were later overprinted by deeper burial. Thus, based on the available 
calibration data, this map can give new insights on the erosional pattern (Fig. 2.11) which is 
clearly influenced by the SW-NE trending Variscan Deformation Front. Based on the 
present-day thickness distribution of the youngest Carboniferous deposits no Variscan 
erosion took place in the western part of the Lower Saxony Basin since at present-day the 
Westphalian D and Stephanian concordantly overlie older Carboniferous deposits. The 
highest erosion amounts can be found in the area of the Münsterland Basin with up to 4000 
m of removed overburden. Karg et al. (2005) and Büker et al. (1995) could show, based on 
apatite fission track analysis that highest temperatures and therefore also deepest burial in 
the Münsterland Basin occurred during the latest Carboniferous prior to the Variscan 
inversion. Thus, the present-day maturity of the Carboniferous in most of the Münsterland 
Basin has already been reached at the end of the Carboniferous.  
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Fig. 2.11: Total amount of eroded overburden during the Variscan (Upper 
Carboniferous) inversion. 
The Kimmerian inversion affected the Münsterland Basin in the south and Pompeckj Basin in 
the north of the study area. For the Münsterland Basin an amount of eroded overburden of 
1300 m has been assumed for this period. This could not overprint the maturities reached at 
the end of the Carboniferous. For some areas in the Pompeckj Basin a high amount of 
Kimmerian erosion had to be assigned reaching maximum values of up to 3000 m (Fig. 2.12). 
In these areas deepest burial took place prior to the Kimmerian inversion. This proves for 
the first time that deepest burial of the Pompeckj Basin was not reached in the entire area 
at Neogene times (compare e.g. Schwarzer and Littke, 2007). Similar observations were 
published for the area further north (Schleswig-Holstein) by Rodon and Littke (2005). 
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Fig. 2.12: Total amount of eroded overburden during the Kimmerian 
(Jurassic/Cretaceous boundary) inversion. 
The erosion pattern of the Lower Saxony Basin during the Subhercynian inversion clearly 
mimics the actual basin geometry. Erosion amounts decrease towards the northern and 
southern basin margins. Two former depocentres or areas with highest amounts of erosion, 
respectively, can be found at the southern basin centre with removal of up to 6700 m of 
basin infill. Additionally, a separation of the erosion pattern into a western and eastern area 
of the Lower Saxony Basin can be observed showing lower erosion amounts for the eastern 
area. The separation along the NNW-SSE trending Steinhuder, Leine and Elfas fault (for 
location see Fig. 2.13) is quite sharp and located 20 km west of Hannover. With average 
values of ca. 1500 m, this is roughly half of the erosion amount on the western side of the 
lineament (Fig. 2.14). 
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Fig. 2.13: Fault intersection lines with Mesozoic horizons and erosion map of the 
Kimmerian inversion showing areas in the north where deepest burial occurred prior 
to the Kimmerian inversion and not at present-day (Red ellipse outlines the 
Steinhuder, Leine and Elfas fault; legend displayed in Fig. 2.12).  
 
Fig. 2.14: Total amount of eroded overburden during the Subhercynian (Upper 
Cretaceous) inversion. 
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2.5.4 Maturation History of the Toarcian (Posidonia Shale) 
For the model four petroleum systems were identified. Source rocks of economic 
importance are Upper Carboniferous coals as well as Jurassic (Toarcian/Posidonia Shale) and 
Cretaceous (Berriasian /Wealden) shales. For the sake of completeness we also included the 
“Kupferschiefer” (base of Zechstein1 cycle) and “Stinkkalk-Stinkschiefer” (basinal 
equivalents to the Straßfurt Carbonate/Zechstein 2) which play a rather inferior role in this 
region but are of great importance in the northeastern CEBS (Resak et al., 2008). Since the 
Toarcian Posidonia Shale is the most prominent candidate for possible shale gas formation 
and accumulation its maturation history is exemplified here. 
Prior to the Kimmerian inversion at the Jurassic/Cretaceous boundary that led to uplift of 
the Münsterland Basin and parts of the Pompeckj Basin (Fig. 2.15 and Fig. 2.16) the top of 
the Toarcian has been buried down to depths of 1-4 km with maximum depths of up to 
3900 m in the Lower Saxony Basin. The area of the Münsterland Basin and a western and 
eastern part of the northern Pompeckj Basin show no Liassic deposits due to Kimmerian 
erosion. Deep burial of up to 2900 m not only occurred in the Lower Saxony Basin but also 
in the Pompeckj Basin around the today´s course of the rivers Weser, Aller and Hunte. Due 
to deep burial, maximum temperatures reached 120°C around the river courses in the area 
of the Pompeckj Basin and 200°C in the Lower Saxony Basin. While the adjacent Pompeckj 
Basin in most of its extent had not yet passed the immature state (<0.55% VRr), the Lower 
Saxony Basin depocentre had already reached the oil window and in some central parts the 
wet gas generation state (1.3-2.0% VRr) (Fig. 2.18).  
 
Fig. 2.15: Representative burial history with according maturity calibration of the 
Münsterland Basin. 
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Fig. 2.16: Representative burial history with according maturity and present-day 
temperature calibration of the Pompeckj Basin. 
Lower Cretaceous deposition increased the burial depth of the Posidonia Shale in the Lower 
Saxony Basin significantly (Fig. 2.17). During the Upper Cretaceous (89 Ma) the end of 
sedimentation was characterized by greatest burial depths as deep as 7800 m (3-8 km) 
resulting in temperatures of up to 330°C. Maturities in some parts of the Lower Saxony 
Basin depocentre reached the overmature state exceeding 4.7% VRr - the kinetic of Sweeney 
and Burnham (1990), used for maturity calculation for this model, allows calculations only 
up to 4.7% VRr. The average maturation of the basin centre reached the dry gas stage (2-4% 
VRr) whereas the basin margin maturities stayed in the oil window. Maturation of the 
Pompeckj Basin also progressed, especially in the vicinity of salt diapirs and salt walls, 
reaching either the early or main oil generation stage (Fig. 2.19). 
 
Fig. 2.17: Representative burial history with according maturity and present-day 
temperature calibration of the Lower Saxony Basin. 
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Fig. 2.18: Maturity (A), temperature (B) and top depth (C) map of the Toarcian at 
142 Ma BP. 
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Fig. 2.19: Maturity (A), temperature (B) and top depth (C) map of the Toarcian at 89 
Ma BP. 
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Fig. 2.20: Maturity (A), temperature (B) and top depth (C) map of the Toarcian at 
present-day. 
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Since then maturities of the Lower Saxony Basin did not increase until recent times. The 
Subhercynian inversion induced uplift and erosion of the Lower Saxony Basin removing up 
to 6700 m of basin infill. Today the top of the Toarcian in the Lower Saxony Basin can be 
found at depths between 0 m and 3400 m. During uplift of the Lower Saxony Basin the 
deposition in the Pompeckj Basin proceeded leading to burial depths of up to 3200 m. Thus, 
more areas in the Pompeckj Basin have nowadays reached the late oil generation stage (1-
1.3% VRr) (Fig. 2.20). 
2.6 Discussion 
2.6.1 Initial Datasets 
The dataset of the Geotectonic Atlas of NW-Germany (Baldschuhn et al., 1996) was utilized 
in compiling the present-day Mesozoic and Cenozoic layer thickness distribution. However, 
due to some errors of the initial dataset several corrections were performed prior to 
implementing it into the 3D petroleum systems model. This included (1) the adjustment of 
overlapping horizons and interpretation whether to keep the upper or lower horizon‘s 
geometry as well as (2) revision of spike shaped extreme layer thickness variations, 
especially observed in the vicinity of salt structures. (3) The conversion of the original data 
set with a resolution of 150 m2 grid cell size down to 500 m2, which still qualifies as high 
resolution, might yield minor discrepancies concerning the layer geometries and offsets 
along thrust and normal faults. Separated salt intrusions, e.g. as known in the Buntsandstein 
layer, were not present in the digital version of the Geotectonic Atlas of NW-Germany. 
Furthermore, salt dome top bulges going off sideways and sideward intrusions were 
excluded from the model (4). Due to the high resolution character of the model, false heat 
conductivities because of wrong lithology assumption in the vicinity of the calibration wells 
can be generally disregarded. However, in areas where the real salt diapir geometry differs 
from the idealized form of a cone shaped diapir the assumption of a non-salt lithology can 
result in false heat and pressure conductivities.  
Comparison of the depths of calibration data with predetermined stratigraphic correlation 
from wells and the stratigraphic depth distribution of the Geotectonic Atlas of NW-Germany 
shows minor differences. Vitrinite reflectance measurements which represent post-
inversion Cretaceous deposits are present below the Subhercynian erosional unconformity 
at the top of the Lower Jurassic. This depth discrepancy can be observed for some areas of 
the 3D model but is generally of minor size. Since this effect can be seen in several 
independently interpreted wells, a false depth position of the calibration data based on 
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wrong assumptions on elevation and/or true vertical depth can be excluded; the offset 
might rather be due to minor workflow related errors in seismic interpretation and 
time/depth conversion.  
2.6.2 Pressure 
It is of utmost importance that the simulation results based on a multi 1D approach must be 
compared with those based on 3D temperature and pressure analysis. Simulation results of 
1D models and results of 3D simulations even if based on the same input can nevertheless 
differ. These discrepancies between 1D and 3D temperature simulation results are due to 
different processes that can only be addressed in 3D. These processes comprise e.g. lateral 
heat and fluid flow, heat accumulation in anticlinal structures and overpressure generation 
below impermeable layers which reduce the effective stress resulting in increased porosities 
and water contents. This latter effect reduces the thermal conductivity leading to heat 
accumulation which in turn affects maturity calculation. Thus, the pressure dissipation 
below the Zechstein salt layer in the basin model which is a solely 3D effect is an important 
factor influencing the temperature distribution. This effect was considered in the multi 1D 
approach for estimating the erosional amounts by comparing the simulated porosities 
below the Zechstein layer of 3D and 1D simulation results. Porosity and pressure 
estimations based on the 3D simulation results differ greatly from those calculated in 1D 
models, in which overpressures and in turn porosities are usually overestimated, especially 
below thick layers of low permeability (Fig. 2.21). 
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Fig. 2.21: Comparison of overpressure calculation and resulting porosity below a 
salt diapir based on 1D (left) and 3D (right) simulation results. 
2.6.3 Heat Flow 
In the Lower Saxony Basin elevated basal heat flows due to Miocene volcanic activity could 
be proven (Geologischer Dienst NRW, 2003). Especially in the area of Bad Pyrmont and the 
Osnabrücker Bergland thermal springs can still be found that originate from this volcanic 
activity. The temperature evolution of the Lower Saxony Basin, however, was more 
dominantly controlled by the burial depth overprinting former heat flow peaks. Increasing 
the basal heat flow according to the Miocene volcanism would not have overprinted the 
maturities reached during deepest burial and were therefore neglected. 
Since the lateral basal paleo heat flow distribution was kept constant within each different 
structural block, a match with the existing VRr calibration data in the area of the Lower 
Saxony Basin was mainly achieved by adjusting the amount of eroded overburden or former 
burial depth, respectively. This is a simplification since lateral heat flow variations would 
have occured. Especially for most parts of the Pompeckj Basin, however, where deepest 
burial occurs at recent times a quality check of the assumed late Tertiary to present-day 
basal heat flow based on 3D simulation results could be performed.  
Maturity is ultimately and irreversibly controlled by the maximum temperatures the organic 
matter experienced. Maximum temperatures are normally reached through a combination 
of radiogenic heat generated in sedimentary rocks and basal heat flow during time of 
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deepest burial. In the case of the Pompeckj Basin for the areas that experience deepest 
burial nowadays the influence of the present-day basal heat flow on the maturity evolution 
and calibration data match could be tested since the maximum burial depth and 
temperature were reached recently. Thus, thermal maturity depends greatly on present-day 
depth and temperature which is not the case in the Lower Saxony Basin. Fig. 2.22 displays 
the required adjustments of the late Tertiary basal heat flow for certain well positions. Due 
to the small number of DHT data no interpolation between the defined locations could be 
performed. Therefore adjustments of the present-day basal heat flow were restricted to the 
nearest vicinities of the well positions. Generally, the assumed present-day heat flow of 50 
mW/m2 in the Pompeckj Basin and 61 mW/m2 in the Lower Saxony Basin and Münsterland 
Basin was sufficient for calibration. For some areas a minor shift of up to 7 mW/m2 was 
needed. This certainly shows that the initially assigned basal heat flow trends for the 
different structural blocks in the study area are sufficient for a first approximation. 
Nevertheless, maturity calculations show that at present-day lateral heat flow variations can 
be observed within the different structural blocks and that this must also hold true for the 
past. The effect on paleo temperature of these variations of paleo heat flow within the 
Lower Saxony Basin has not been included in the heat flow maps but is compensated 
through the compiled erosion maps or the paleo temperature based on burial depths, 
respectively. 
 
Fig. 2.22: Late Tertiary basal heat flow corrections based on calibration with down 
hole temperature data. 
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At a few locations a significant quantitative deviation from the intially assigned basal heat 
flow could be observed. In order to match DHT data heat flow values between 30 mW/m2 in 
the Pompeckj Basin and up to 95 mW/m2 in the Weser Mountains were needed (Fig. 2.22). 
While a high value in the Weser Mountains might just indicate and represent hydrothermal 
influence, which is known for this area, the very low values in the Pompeckj Basin are highly 
unlikely and might be due to incomplete temperature equilibrium of the drilling fluid during 
temperature measurements. 
2.6.4 Erosion 
In areas without well control or with only few available wells, which comprises the most 
northern 15 km of the model and the Münsterland Basin, maturity prediction and resolution 
is limited which also holds true for the compiled erosion maps. Additionally, in the area of 
the Lower Saxony Basin the erosional amount differentiation at some spots could 
potentially be more precise. Due to little well control at those locations the interpolation 
algorithm, used for interpolating the amounts of eroded overburden in the areas with no 
wells present, was limited by the user-defined maximum interpolation radius leading to 
small areas with constant amounts of eroded overburden (Fig. 2.23) which is implausible 
when compared to areas with high well control that demonstrate a great variability of the 
erosion amounts. 
 
Fig. 2.23: Total amount of eroded overburden during the Subhercynian (Upper 
Cretaceous) inversion. Red circles outline areas with very few available calibration 
wells in which the interpolation algorithm could utilize the maximum user-defined 
interpolation radius. 
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In most of the Pompeckj Basin sedimentary layers are buried to their maximum depth at 
present-day (Neunzert et al., 1996; Rodon and Littke, 2005; Schwarzer and Littke, 2007). 
There are, however, a few areas within the Pompeckj Basin where temperatures based on 
the present-day burial depth are not sufficient to match the calibration data. For these 
areas deepest burial had to be assumed for the latest Jurassic prior to the Kimmerian 
inversion during the earliest Cretaceous. The quantitative and qualitative well control in 
these areas is sufficient enough to rely on those results.  
Fault control on the differential Kimmerian uplift or the appearance of faults due to 
differential uplift can partly be confirmed (Fig. 2.13). The erosion maps were initially 
compiled without correlation with the existing fault systems in the study area. This is a 
necessary simplification simply because the model would otherwise become too complex. 
Fig. 2.24 displays the erosion map of the Subhercynian inversion in combination with the 
present fault system (fault intersection lines with the Mesozoic horizons) in the study area. 
The comparison shows that the erosional amount at both the northern and southern margin 
of the Lower Saxony Basin, but also in the basin centre is strongly controlled by the fault 
systems. This consequently proves the obvious fault control on differential uplift in the 
Lower Saxony Basin. Similar conclusions have already been drawn by Petmecky et al. (1999) 
for two 2D sections through the basin. 
 
Fig. 2.24: Fault intersections with Mesozoic horizons and erosion map of the 
Subhercynian inversion indicating the fault control on differential uplift (legend 
displayed in Fig. 2.14). 
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2.6.5 Simulation Optimization 
Some of the initial prerequisites for the forward modeling approach used by PetroMod® are 
present-day layer thicknesses and present-day porosities. In a first simulation run if no 
previous simulation results are present the compaction and porosities will be calculated 
based on hydrostatic pressures. The calculated present-day layer geometries based on the 
hydrostatic compaction will then be compared to the real layer thicknesses. The thickness 
difference is represented by an optimization ratio which decreases with further 
convergence of the calculated thicknesses towards the real ones. For layers which show 
present-day thicknesses this convergence or optimization can be achieved in 1-2 simulation 
runs using the previous simulation results of the first run as basis for the second run. In 
cases where layers have been completely eroded in the past the convergence or 
optimization is not accomplished that easily. In this case the porosities prior to erosion and 
erosion thicknesses need to be converged/optimized without knowledge of the present-day 
situation of these layers. Then, good optimization ratios do not necessarily also equal good 
model geometry optimizations. In fact, the results of each simulation run differ significantly 
from the assigned erosional thicknesses used as input until a sufficient convergence has 
been reached. A minimum of 4 simulation runs using the previous results for each next run 
was generally needed in those cases not only to achieve a good optimization ratio but also a 
good optimization of the assumed erosional thicknesses (Fig. 2.25). This fact clearly proves 
that compaction has to be taken into account in those models. This is at present most 
difficult for complex basin settings and especially for overthrusted areas, for which 
structural restoration, often not considering compaction/decompaction, is necessary. 
 
Fig. 2.25: Burial histories of the same location. 4500m of Cretaceous erosion (black 
color) has been defined as input. First simulation run (A) results in underestimated 
erosional thicknesses. Not until the fourth simulation run (B) the convergence 
matches the defined input of erosional thickness. 
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2.6.6 Maturity 
The calculation of maturities (vitrinite reflectance) was based on the EASY%Ro kinetic 
(Burnham and Sweeney, 1989; Sweeney and Burnham, 1990). It only allows the calculation 
of vitrinite reflectance values within an interval of 0.3 to 4.66 %. The maturity observed in 
most wells is in this range, but there are few wells in the Osnabrück area where vitrinite 
reflectance values exceed this range. 
To achieve a match of the calculated vitrinite reflectance with the available calibration data, 
different input data can be adjusted. The main input parameters besides petrophysical rock 
properties that influence the calibration are burial depth and basal heat flow. Fig. 2.26 
illustrates the maturity curve shift due to modification of these two parameters. Increasing 
the burial depth (Fig. 2.26 a,b) exposes all depth intervals to higher temperatures and 
results in a parallel shift of the curve since the maximum temperatures due to deeper burial 
have been increased but the overall thermal gradient has not been changed. Increasing the 
amount of basal heat flow (Fig. 2.26 c,d) leads to an increased rise of temperatures with 
depth, thus an increased reflectance gradient. In order to achieve a calibration match a 
plausible combination of these two parameters need to be applied taking into account 
correct timing of typical basal heat flow trends through time for different tectonic regimes 
and paleo burial depths due to former overburden having been eroded during major 
inversional events. This common technique has also been applied in former studies on this 
topic and on this study area (Petmecky et al., 1999, Adriasola-Muñoz et al., 2007, Senglaub 
et al., 2006). 
Based on by now implemented software features that were not available in the past and the 
way this technique has been applied, differences in the modelled amounts of eroded 
overburden and basal heat flow could be observed when compared to former results. 
Differences concerning the results of Adriasola-Muñoz et al. (2007) and Senglaub et al. 
(2006) are negligable. Comparison with older results of Petmecky et al. (1999) yields the 
same general trend but greater discrepancies with respect to quantitative values, i.e. a 
reduction of both basal heat flow during time of deepest burial and amount of eroded 
overburden is possible. This is due to several factors, e.g. the implementation of radiogenic 
heat production of the basin infill enabling the reduction of assumed basal heat flows and 
erosional amounts but also the duration of organic matter maturing during time of 
maximum burial. A longer residence time at maximum burial/temperature allows to 
calculate with lower amounts of eroded sediment thickness.  
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Fig. 2.26: Influence on calculated maturities by modifications of burial depth (b) and 
basal heat flow (c, d) (modified after Petmecky, 1998). 
Based on this renewed assessment maturity maps of the model can be reported for all 
layers and for many time steps after their deposition. The calculation based on 3D 
simulation is an essential advantage compared to already published maturity maps (e.g. 
Brückner-Röhling et al., 1994; Drozdzewski et al., 2009; Doornenbal and Stevenson, 2010) 
for which only the measured VRr data at the Carboniferous surface has been considered and 
interpolated; especially since these maps often lack an optimal well control. Fig. 2.27 shows 
a present-day maturity comparison of the pre-Permian subsurface with the coalification 
map of Drozdzewski et al. (2009). The comparison indicates a basic match of the lateral 
maturity distribution but also shows an enhanced maturity resolution for the map derived 
from the 3D model.  
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Fig. 2.27: Present-day maturity comparison of the pre-Permian subsurface 
comparing the coalification map of Drozdzewski et al. (2009) (black isolines & 
percentages) and the 3D simulation results. 
2.7 Conclusions 
The amount of eroded basin infill in the Lower Saxony Basin equals up to 6700 m in the area 
of Piesberg and the erosion locally reached down as far as the Carboniferous. In the 
southern part of the basin the Posidonia Shale has been brought up to the surface or has 
been completely eroded. Its burial locally reached depths of more than 7000 m resulting in 
maturities exceeding 4% VRr. These maximum values apply, however, only to small parts of 
the basin centre. The burial depth, temperature, and maturity distribution throughout the 
whole study area is highly variable. Thus, based on the great number of available calibration 
data a coherent and innovative image of the maturity distribution through time in the study 
area could be achieved.  
The 3D high resolution numerical modeling presented here offers new insights on maturity 
distribution and thermal evolution through time of the Lower Saxony Basin and surrounding 
areas. The model includes new calculations on the amounts of eroded overburden in the 
study area based on thermal calibration with a large amount of VRr and DHT data. This was 
achieved independently from former works on this topic. It provides the highest resolution 
of erosional amount distribution achieved so far, thus also supplying a highly differentiated 
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image of the maturity evolution. It can deliver temperature and maturity maps for all 
important source rocks in NW-Germany at many points of time. The accurate depiction of 
maturation through time is a crucial basis for assessing generation, transport and 
accumulation of petroleum. By applying refined kinetic data on petroleum generation for 
the source rock members and adding experimentally derived sorption parameters, this 
model can then show a distinct picture of hydrocarbon formation and sorption, thus giving 
insights on the shale gas potential of the according source rocks. In continuing work on this 
model it will provide simulation results on hydrocarbon generation, migration and trapping 
for the different petroleum systems in the study area and can be the basis for further play 
to prospect analysis. 
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3 Thermal evolution and shale gas potential estimation of the 
Wealden and Posidonia Shale in NW-Germany and the 
Netherlands: a 3D basin modeling study 
3.1 Abstract 
Sedimentary basins in NW-Germany and the Netherlands represent potential targets for 
shale gas exploration in Europe due to the presence of Cretaceous (Wealden) and Jurassic 
(Posidonia) marlstones/shales as well as various Carboniferous black shales. In order to 
assess the regional shale gas prospectivity of this area a 3D high resolution petroleum 
system model has been compiled and used to reconstruct the source rock maturation based 
on calibrated burial and thermal histories. Different basal heat flow scenarios and 
accordingly different high-resolution scenarios of erosional amount distribution were 
constructed, incorporating all major uplift events that affected the study area. The model 
delivers an independent 3D reappraisal of the tectonic and thermal history that controlled 
the differential geodynamic evolution and provides a high-resolution image of the maturity 
distribution and evolution throughout the study area and the different basins. Pressure, 
temperature and TOC-dependent gas storage capacity and gas contents of the Posidonia 
Shale and Wealden were calculated based on experimentally derived Langmuir sorption 
parameters and newly compiled source rock thickness maps indicating shale gas potential of 
the Lower Saxony Basin, southern Gifhorn Trough and West Netherlands Basin. 
3.2 Introduction 
Sedimentary basins in NW-Germany and the Netherlands represent potential targets for 
shale gas/shale oil exploration due to the presence of Lower Cretaceous lacustrine 
(Wealden; Rippen et al. 2013) and Jurassic marine (Posidonia Shale) organic-rich marlstones 
and shales as well as various Carboniferous black shales (Andruleit et al., 2012; Littke et al., 
2011; Uffmann et al., 2012). The Lower Jurassic Posidonia Shale is the most important 
source rock for conventional oil exploration in this area (Leythaeuser et al., 1988; Wehner, 
1997; Blumenstein et al., 2008) but is also one of the most promising candidates for 
unconventional shale gas/oil exploration (Andruleit et al., 2012) besides the Lower 
Cretaceous Wealden Shale. 
3 Thermal evolution and shale gas potential of the Wealden and Posidonia Shale 60 
 
Unlike in conventional reservoirs in which gas is stored primarily as compressed (“free”) gas 
in the intragranular pore space and fractures, a significant proportion of gas in shales can be 
stored as “sorbed” gas. The sorption of hydrocarbon gas (mostly methane) in shales 
provides gas storage capacity in addition to the “free gas” capacity in the pore system. The 
methane sorption is considered to take place predominantly within the microporous organic 
matter (kerogen) and is controlled by the Total Organic Carbon (TOC), kerogen type, 
maturity, water saturation and to some extent by the inorganic constituents (clay minerals). 
Numerous basin modeling studies have been performed in that area, comprising 1D, 2D and 
3D modeling approaches (e.g. Petmecky et al., 1999; Senglaub et al., 2005; Uffmann et al., 
2010; Nelskamp, 2011). In these studies the tectonic evolution as well as source rock 
maturation has been investigated partly in order to analyze the conventional petroleum 
systems. Whereas 3D modeling studies covering the whole area have been lacking a 
detailed resolution sufficient enough for exploration and prospect evaluation, 1D and 2D 
models are generally missing important influence factors on pressure, temperature and 
hydrocarbon migration that can only be accurately addressed in three dimensions (Bruns et 
al., 2013).  
Quantification of the total storage capacity, including sorbed gas and free gas is a 
prerequisite for estimations of resource potential and technically recoverable amounts of 
gas at given reservoir conditions. In early exploration phases, 3D basin modeling with 
integrated sorption modules together with the simulation of the burial history, gas 
generation/expulsion and consideration of organic matter-hosted porosity is a valuable tool 
to reduce the exploration risk. In addition, an accurate reconstruction of the source rock 
maturation through geologic time and within the different basins is crucial for the 
assessment of petroleum generation and storage.  
This study was performed in order to improve the understanding of shale gas potential in 
the study area by linking experimental petrophysical work addressing the source rock 
sorption capacity with high resolution 3D basin modeling addressing the reconstruction of 
the tectonic and thermal evolution. Therefore, a 3D basin model of the present-day 
configuration of NW-Germany and the Netherlands was compiled and used as a base for 
forward simulation of the basin evolution. The burial as well as the erosion histories have 
been calibrated and constrained by well data at 731 locations. Being based on different 
basal heat flow scenarios this study provides different high-resolution scenarios of erosional 
amount distribution, incorporating all major uplift events that affected the study area. The 
different heat flow and erosion scenarios in this model provide further constraints on the 
maturity evolution of the different basins in the study area. Thus, based on the thermally 
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calibrated geodynamic evolution, petroleum generation, migration and accumulation in the 
Posidonia Shale and Wealden, the evolution of gas storage capacity and sorbed gas masses 
have been modeled using refined kinetic data and experimentally derived Langmuir sorption 
parameters delivering important qualitative information on the regional distribution of 
shale gas potential. 
3.3 Geodynamic Evolution 
The differentiation between basins, highs and platforms in the study area (Fig. 3.1) 
developed in response to global plate movement and responding changes in lithosphere 
structure and stress field (Maystrenko et al., 2008; Cloetingh and Ziegler, 2007). The main 
tectonic events that affected the Netherlands and NW-Germany comprise the Caledonian 
and Variscan orogenies due to amalgamation of Pangaea during the Paleozoic, Mesozoic 
rifting accompanying the breakup of Pangaea, the Alpine orogeny induced by the collision of 
Europe and Africa during the Upper Cretaceous/Lower Tertiary and the Oligocene to recent 
rifting of the Rhine Graben system (de Jager, 2007; Senglaub et al., 2006). As a result, 
multiple phases of uplift and basin inversion occurred in different parts of the study area. 
The following description will focus on the major tectonic events that induced uplift and 
basin inversion. A more detailed summary of tectonic processes and their influence on the 
structural evolution of NW-Germany has already been provided in Bruns et al. (2013).  
 
Fig. 3.1: Structural elements and Upper Cretaceous tectonic evolution (modified 
from Doornenbal and Stevenson, 2010; van Balen et al., 2005). 
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During the Middle to Upper Devonian the convergence of Gondwana and Laurussia started, 
resulting in full-scale Himalayan-type collision forming the Variscan orogeny during the 
Visean (Franke, 2000). The Variscan fold-and-thrust belt propagated northwards reaching its 
final position just south of the Netherlands (Oncken et al., 2000). Today the Variscan 
Deformation Front (VDF) strikes approximately E-W through Belgium and SW-NE into 
Germany. Crustal shortening and inversion ceased during the Upper Pennsylvanian (Ziegler, 
1990). Wrench tectonics created several structural features, e.g. the Campine Basin and 
Roer Valley Graben (Duin et al., 2006) and induced erosion of Upper Carboniferous deposits 
in different areas. The Hunze Formation (Westphalian D - Stephanian) was eroded in most 
parts of the Netherlands except the Campine Basin (future Zeeland Platform – West 
Netherlands Basin). In NW-Germany, Stephanian strata are unconformably overlying partly 
eroded Westphalian C-D deposits (Fig. 3.2C). In the study area, uplift was most dominant in 
the Münsterland Basin and eastern Lower Saxony Basin, the central part of the West 
Netherlands Basin, the Zandvoort Ridge, and the Friesland Platform (Fig. 3.1; Littke et al., 
1994; Nelskamp, 2011).  
Rifting related to the Mesozoic breakup of Pangaea and opening of the Atlantic induced 
transtensional development of sub-basins including the Lower Saxony Basin, the Roer Valley 
Graben, West Netherlands, Central Netherlands, Broad Fourteens, and Vlieland basins 
during the Middle Jurassic to Lower Cretaceous (Upper Kimmerian) rifting. Simultaneously, 
adjacent platforms were uplifted and deeply truncated resulting in the widely recognized 
Upper Kimmerian Unconformity (Lower Cretaceous) which was accompanied by a regional 
sea level low-stand (de Jager, 2007). This uplift affected e.g. the Pompeckj Basin and 
Münsterland Basin. Whereas in NW-Germany quite homogeneous sediment thicknesses can 
be observed in the areas of the Pompeckj Basin and Lower Saxony Basin, basin 
differentiation in the Netherlands already started during the Upper Triassic indicated by 
increased sediment thicknesses in the area of the basins, especially in the Central and West 
Netherlands basins and decreased thicknesses in the surrounding highs (Fig. 3.2A; Geluk, 
2007).  
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Fig. 3.2: Present-day Lower Triassic (A; initially increased Buntsandstein layer 
thickness in the area of the Friesland Platform has been reduced during the 
Kimmerian uplift. Layer thicknesses in NW-Germany indicate no basin 
differentiation at that time.), Permo-Carboniferous volcanics (B) and Stephanian (C) 
thickness (after Baldschuhn et al. 1996, Maystrenko et al. 2010). 
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During the Upper Cretaceous the convergence of Africa and Europe, closing the Tethys 
system of oceanic basins, induced the gradual development of the Alpine orogeny. Most 
authors (e.g. Ziegler et al., 1995; Marotta et al., 2001; Krzywiec, 2006) have interpreted the 
Subhercynian and Laramide compressional/transpressional inversion of Mesozoic 
extensional/transtensional basins as a consequence of the collision of the Alpine-Carpathian 
Orogeny with Europe’s southern margin in a classic orogenic foreland collision model. Kley 
and Voigt (2008), however, have presented an alternative hypothesis, in which the Upper 
Cretaceous kinematic history of the two regions does not seem to be compatible. The 
location of the Adria Plate and evolving Alpine chain in recent plate reconstructions (e.g. 
Stampfli and Borel, 2004) indicate that the distance to central Europe was too far, 
incorporating an oceanic basin in between. They proposed that this event only reflects the 
onset of the Africa-Iberia-Europe convergence since the Alpine collision with southern 
Europe did not commence until Paleocene or Eocene times. Instead, basin inversion during 
the Cretaceous was caused by the West-Central Europe’s thin lithosphere being pinched 
between the East European Platform and Africa (Doornenbal and Stevenson, 2010). East of 
the Netherlands (Polish Trough, North German and Lower Saxony basins) the inversion 
ceased during the Upper Cretaceous to earliest Tertiary. In the Netherlands (Broad 
Fourteens and West Netherlands basins) it continued until Upper Oligocene to Lower 
Miocene times (van Hoorn, 1987; Ziegler, 1990; Ziegler et al., 1995; de Lugt et al., 2003; de 
Jager, 2007) which might be related to a delayed mechanical coupling of the collisional 
system towards the west, i.e. between the Pyrenean Orogeny and central Europe 
(Doornenbal and Stevenson, 2010). Despite the difference in timing of this erosion event 
between Germany and the Netherlands, it is summarized and named “Subhercynian” in the 
following.  
3.4 Methods 
The emphasis of this study was to build a 3D basin model of the study area in order to test 
different burial history scenarios. This procedure leads to a best-fit setting which in turn can 
be used for creating scenarios of petroleum generation, adsorption and accumulation 
constrained by the tectonic evolution and source rock maturation. Numerical modeling was 
performed using the PetroMod® software suite v.2012.1 (Schlumberger). Numerical basin 
modeling provides an integrated approach to understand and reconstruct significant 
geological developments occurring during the basin evolution and can be understood as a 
dynamic forward modeling approach of these geological processes in sedimentary basins 
over geological time periods. The simulation starts with the deposition of the oldest layer 
3 Thermal evolution and shale gas potential of the Wealden and Posidonia Shale 65 
 
and continues until the present-day geometry is reached. During simulation various 
geological, geochemical and petrophysical processes are calculated and updated at each 
defined time step and for each model grid cell. This simulation covers i.a. (de-)compaction, 
pore pressure calculation as well as temperature and heat flow analysis based on the 
evolution of thermal maturity parameters (e.g. vitrinite reflectance, biomarkers), modeling 
of hydrocarbon generation and accumulation, fluid migration and petroleum compositional 
analysis (Hantschel and Kauerauf, 2009).  
3.4.1 Basin Geometry Reconstruction 
The reconstruction of the present-day geometry of a joint basin model of the Dutch and 
NW-German area has been accomplished by merging different depth horizon 
interpretations into a single 3D interpretation (Tab. 3.1). Additionally, an underlying 
basement layer with an average thickness of 10.000 m and a base depth of 17.000 m has 
been added. A varying vertical pseudo-resolution or maximum cell thickness (up to 400 m) 
has been applied to the model, which is particularly important when modeling transfer of 
effective stress, hydrocarbon migration, etc. from one cell to another. The model consists of 
23 different stratigraphic layers excluding the basement layer, covering a present-day depth 
interval of up to 12 km from top to bottom. The model comprises an area of 74660 km
2
 with 
a lateral extent up to 476 x 255 km and an overall grid cell size of 1x1 km (Fig. 3.3). The 
combination of horizontal and vertical resolution as well as study area size sums up to a 
total number of ca. 8 Mio. grid cells. 
Tab. 3.1: Source, resolution and applied areas of the different stratigraphic units 
included in the 3D model. 
Stratigraphic Units Source
Initial 
Resolution
Area
Surface Topography GEBCO Digital Atlas (IOC, IHO, BODC 2003) 4000 m Netherlands & Germany
NLOG (www.nlog.nl, v. 01/2012) 250 m Netherlands
Geotectonic Atlas of NW-Germany 
(Baldschuhn et al. 1996)
150 m Germany
Staßfurt Carbonate, Permo-
Carboniferous Volcanics, 
Sedimentary Rotliegend
Maystrenko et al. (2010) 4000 m Netherlands & Germany
Upper Carboniferous Gerling et al. (1999b) 2000 m Netherlands & Germany
Mesozoic & Cenozoic 
(incl. Permian) 
 
 
Depositional (paleo) layer thicknesses have been calculated based on porosity controlled 
backstripping of present-day thicknesses. Calculated present-day thicknesses based on 
backstripping are initially not identical with the given present-day thicknesses. These 
thickness differences, however, assist in an improved estimation of the depositional layer 
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thicknesses in the next simulation runs. During this optimization procedure multiple forward 
simulations are combined and calibrated against the present-day basin geometry until a 
geometry match has been realized (Hantschel and Kauerauf, 2009). In order to achieve a 
sufficient match with present-day layer thicknesses and applied erosion amounts a number 
of four consecutive simulation runs needed to be applied. 
 
Fig. 3.3: View into the 3D basin model from southwest illustrating the present-day 
layer geometry (basement excluded, colors according to the International 
Commission on Stratigraphy 2008, yellow arrow points to the north, vertical scale in 
meter, top horizontal. 
3.4.2 Lithology/Facies  
For the different stratigraphic layers included in the basin model lithological information 
and lateral facies distribution need to be assigned. This dataset is based on the 
paleogeographic map compilations of Ziegler (1990), Gerling et al. (1999a) and Doornenbal 
and Stevenson (2010). Lithologies in numerical basin modeling (PetroMod®) are defined by 
a number of petrophysical properties. This includes porosity vs. depth, permeability vs. 
porosity, chemical compaction parameters, seal properties, fracture limits, geomechanical 
behaviour, thermal conductivity vs. temperature, radiogenic heat production and heat 
capacity vs. temperature. A number of user-defined lithologies have been created by mixing 
of the standard lithologies in relation to the stratigraphic descriptions and map 
compilations. Above mentioned lithological properties have been automatically assigned 
according to the defined rock mix. Tab. 3.2 illustrates the different stratigraphic units and 
their depositional timing as well as the petrophysical properties of the user-defined 
lithologies applied in this model.  
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Tab. 3.2: Stratigraphic age assignment and petrophysical properties of the user-defined lithologies.  
Stratigraphic Nomenclature
Depositional 
Age Lithologies
Thermal 
Conductivity Heat Capacity
[Ma]
at 20°C/300°C 
[W/(m*K)] U [ppm] Th [ppm] K [%]
at 20°C/300°C 
[kcal/(kg*K)]
Density 
[kg/m^3]
Initial 
Porosity [%]
Athy's factor 
k [km-1]
Quaternary - Neogene 0 - 23 Sandstone (clay rich) 3.35/2.43 1,5 5,1 3,6 0.2/0.29 2760 40 0,32
Paleogene 23 - 65 Sandstone (clay rich) 3.35/2.43 1,5 5,1 3,6 0.2/0.29 2760 40 0,32
Subhercynian Uplift 65 - 89
Upper Cretaceous 89 - 99 Limestone (Chalk), Marl, Shale (organic lean, silty) 2.38/2.05 2,25 3,8 1,19 0.2/0.29 2690 62 0,73
Lower Cretaceous 99 - 137.5 Sandstone, Shale, Siltstone (organic lean), Limestone (shaly) 2.24/2.00 2,37 6,6 1,57 0.2/0.29 2716 55 0,56
Lower Cretaceous - Wealden 137.5 - 142 Shale (organic rich), Marl, Limestone 1.41/1.67 4,55 10,75 2,59 0.21/0.3 2617 67 0,78
Upper Jurassic - Malmian 142 - 147 Shale (organic rich), Marl, Limestone 1.41/1.67 4,55 10,75 2,59 0.21/0.3 2617 67 0,78
Kimmerian Uplift 147 - 161
Middle Jurassic - Dogger 161 - 177 Sandstone (clay rich) 3.35/2.44 1,5 5,1 3,6 0.2/0.29 2760 40 0,32
Lower Jurassic - Liassic - Posidonia Shale 177 - 179 Marl, Limestone (micrite) 1.44/1.68 10,5 7,5 1,75 0.21/0.3 2615 59 0,67
Lower Jurassic - Liassic 179 - 200 Shale (organic rich, typical) 1.25/1.61 5 15 2,8 0.21/0.3 2600 70 0,83
Upper Triassic - Keuper 200 - 235 Shale, Marl, Gypsum, Anhydrite, Sandstone (clay rich) 2.34/2.03 2,52 7,56 2,18 0.2/0.29 2695 49 0,55
Middle Triassic - Muschelkalk 235 - 244 Limestone (shaly), Shale, Sandstone, LimeEvap 2.13/1.95 2,17 5,9 1,47 0.18/0.26 2446 48 0,51
Lower Triassic - Buntsandstein 244 - 251 Sandstone, Shale (organic lean), Siltstone (organic lean) 3.55/2.51 1,49 4,08 1,34 0.2/0.29 2719 44 0,36
Upper Permian - Zechstein 251 - 256 Salt 6.50/3.66 0,02 0,01 0,1 0.2/0.29 2740 1
Not 
compactable
Upper Permian - Zechstein Carbonate 256 - 257.9 Limestone (ooid grainstone), Limestone (organic rich, Limestone (shaly), Limestone (micrite) 2.75/2.19 1,75 1,52 0,33 0.2/0.28 2729 42 0,24
Upper Permian - Kupferschiefer 257.9 - 258 Shale (organic rich, typical) 1.25/1.61 5 15 2,8 0.21/0.3 2600 70 0,83
Lower Permian - Rotliegend 258 - 277 Sandstone, Conglomerate 3.01/2.30 2,08 5,3 1,74 0.2/0.28 2710 35 0,3
Lower Permian - Permo-Carboniferous 
Volcanics 277 - 285 Basalt (weathered) 2.01/1.94 0,9 2,7 0,8 0.19/0.27 2870 15
Not 
compactable
Upper Carboniferous - Stephanian 285 - 290 Sandstone, Siltstone (organic lean), Shale 3.17/2.36 1,68 4,65 1,38 0.22/0.3 2718 47 0,4
Variscan Uplift 295 - 290
Upper Carboniferous - Westphalian D 295 - 309 Sandstone, Shale (organic rich), Coal, Siltstone (organic rich) 3.00/2.29 1,98 5,06 1,58 0.22/0.3 2642 49 0,42
Upper Carboniferous - Westphalian C 309 - 312 Sandstone, Shale (organic rich), Coal, Siltstone (organic rich) 3.00/2.29 1,98 5,06 1,58 0.22/0.3 2642 49 0,42
Upper Carboniferous - Westphalian A+B 312 - 316 Sandstone, Shale (organic rich), Coal, Siltstone (organic rich) 3.00/2.29 2,71 6,76 1,88 0.22/0.31 2620 55 0,52
Upper Carboniferous - Namurian 316 - 326 Sandstone, Siltstone (organic rich), Shale 2.79/2.21 1,65 4,15 1,14 0.22/0.3 2714 50 0,44
For layers with lateral lithofacies differentiation, the main lithologies have been listed.
Radiogenic Elements Mechanical Properties
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3.4.3 Source Rock Properties and Kinetics 
Stratigraphic Framework 
Four different stratigraphic units have source rock properties (Tab. 3.3). Source rocks of 
economic importance are Carboniferous coals and black shales as well as Jurassic 
(Toarcian/Posidonia Shale) and Cretaceous (Berriasian/Wealden) marlstones/shales. For the 
sake of completeness we also included the “Kupferschiefer” (base of Zechstein1 cycle) and 
“Stinkkalk-Stinkschiefer” (basinal equivalents to the Staßfurt Carbonate/Zechstein 2) which 
play a rather inferior role in this region but are of great importance in the northeastern 
Central European Basin System (Resak et al., 2008).  
Tab. 3.3: Assigned source rock properties. 
Stratigraphic Unit
Ini tia l  Tota l  
Organic 
Carbon [%]
Ini tia l  Hydrogen 
Index [mgHC/gTOC]
Pos idonia  Shale 12 700
Wealden 2 550
Westphal ian 2 250
Kupferschiefer & Stinkkalk-
Stinkschiefer
0.3 150
 
 
The Upper Carboniferous Westphalian is marked by thick cyclothemic layers of coal, sand-, 
silt-, and claystones deposited in a fluvial and deltaic environment on a coastal plain and in a 
tropical climate. Numerous coal seams as well as large amounts of dispersed organic matter 
are characteristic for Westphalian deposits (Scheidt and Littke, 1989). This Upper 
Carboniferous (Pennsylvanian) coal-bearing sequence is known to act as major source rock 
for gas in the study area (Littke et al., 1995).  
During the Upper Permian Zechstein five depositional cycles (Z1-Z5) can be distinguished, 
caused by repeated cut-off and reconnection to the Paleotethys. Each is represented by 
marine clays, overlain by carbonates and finally salt. The stratigraphic boundaries of the 
Zechstein era are marked by the Kupferschiefer as the first basin-wide marine layer and the 
Zechstein Upper Claystone Formation (ZEUC) (Nelskamp, 2011). Within the Zechstein two 
layers have minor source-rock potential, the Z1 Kupferschiefer and the Z2 Stinkkalk. The salt 
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acts as important regional seal for hydrocarbon gas within Rotliegend sandstones and 
Zechstein carbonates (Glennie, 1986).  
In the Upper Triassic Rhaetian, global sea-level rise re-established epicontinental marine 
conditions in NW-Europe. The accumulated sedimentary succession of the Altena Group 
(Sleen, Aalburg, Posidonia Shale, Werkendam, Brabant Formations) in the Netherlands and 
Liassic - Dogger Group in Germany comprises marls, carbonates, sands, and shales and 
culminated in the deposition of the organic-rich Toarcian black shales (Posidonia Shale).  
During the uppermost Jurassic and lowermost Cretaceous (Wealden) the depositional 
conditions in the German part of the Lower Saxony Basin were predominantly shallow 
marine with some terrestrial influx (Petmecky et al., 1999). In the Aptian marine 
sedimentation gradually overstepped the basin margins inundating the previous highs and 
resulting in an overall deposition of dark colored clastic sediments with increased 
concentrations of organic matter (Littke et al., 1998).  
Kinetic Data 
For these source rock units, hydrocarbon generation was simulated using phase-predictive 
compositional kinetic models (di Primio and Horsfield, 2006), consisting of a 14 component 
scheme and including secondary cracking (these types of compositional kinetic models are 
termed PhaseKinetics). The PhaseKinetics approach links source rock organic facies to the 
petroleum type it generates. Using a combination of open- and closed-system pyrolysis 
techniques, bulk kinetic and compositional information is acquired; gas compositions are 
tuned based on a GOR-gas wetness correlation from natural petroleum fluids; corrected 
compositions are integrated into a 14-component compositional kinetic model (C1, C2, C3, i-
C4, n-C4, i-C5, n-C5, C6, C7-C15, C16-C25, C26-C35, C36-C45, C46-C55 and C55+) which allows the 
prediction of petroleum properties. The components with more than 6 carbon atoms can be 
subjected to secondary cracking, with the assumption that the only compound generated is 
methane (Pepper and Corvi, 1995a, b). The calculation of petroleum phase behaviour under 
the subsurface conditions of hydrocarbon migration and entrapment is possible using these 
methods in combination with modern basin modeling software. 
Source Rock Thickness 
A recent depth and distribution interpretation of the Lower Jurassic (Liassic) Posidonia Shale 
Formation has been included which is not yet available in the public domain. For the 
Posidonia Shale Formation a constant thickness of 30 m has been used.  
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Based on the cross sections provided by Baldschuhn et al. (1996) and well data provided by 
TNO, a thickness map of the Wealden in Germany and the equivalent Dutch Coevorden 
Formation has been compiled. Based on 2140 data points in correlation with the lateral 
thickness distribution of the Latest Jurassic (Baldschuhn et al., 1996) this map presents the 
newest re-appraisal for thickness of the Wealden (Fig. 3.4). 
 
Fig. 3.4: Present-day Wealden thickness map (based on Baldschuhn et al., 1996; 
NLOG). 
3.4.4 Sorption  
Input parameters for methane sorption on the Posidonia Shale 
Gasparik et al. (2014) recently reported experimental high-pressure/high-temperature 
methane sorption data for Posidonia Shale samples from the studied area of the Hils 
Syncline, NW-Germany. In their work, excess sorption isotherms at pressures up to 25 MPa 
and temperatures up to 150°C have been measured on a suite of Posidonia Shale samples 
with varying maturities. In addition, unpublished sorption data of the Wealden has been 
added to this study. The excess sorption isotherms were parameterized using a 3-parameter 
(nL, pL, ρads) excess sorption function based on the Langmuir function for the absolute 
sorption (Gasparik et al., 2014). The sorption parameters for the “HAD-119” sample (VRr = 
1.5%) presented in Tab. 3.4 were used in this study. The sorption parameters – Langmuir 
volume (vL) and Langmuir pressure (pL) – were used in the PetroMod® simulation. The TOC 
content of the sample is needed to scale the isotherm to the amount of kerogen available. 
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The desorption energy parameter (Edes) describes the temperature dependence of sorption 
(change in Langmuir pressure pL with temperature) with respect to an arbitrarily chosen 
reference temperature T0 (in this case T0 = 65°C) and was obtained from sorption isotherms 
measured over a wide range of temperatures (38-150°C). 
Tab. 3.4: Assigned Langmuir sorption parameters (* PetroMod® input parameter; 
STP = 273.2 K and 0.1 MPa; data on Posidonia Shale from Gasparik et al. 2014). 
TOC* [wt %] VRr [%]
vL Edes
[STP m3/t] [kcal/mol]
Posidonia 
Shale
7.7 1.5 0.21 4.8 175 8.95 423 3.24
Wealden 7.1 2.2 0.33 7.5 275 17.3 421 2.27
Desorption 
energy*
nL 
[mmol/g]
vL 
[scf/t]
pL              
[MPa]
ads 
[kg/m3]
Langmuir sorption
capacity*
Langmuir 
pressure*
Adsorbed 
phase 
density
 
 
3.4.5 Salt Movement 
Due to the presence of salt diapirs and further halokinetic structures in the study area and 
their importance concerning e.g. petroleum entrapment, sealing capacity, overpressure 
generation below the salt, heat conductivity and respective influence on rock maturation in 
the vicinity, it was of utmost importance to model the geometrical evolution of halokinetic 
salt diapirism. For this, PetroMod® provides two basic approaches or primary tools, 
respectively: “Salt Piercing” and “Salt Movement”. “Salt Piercing” substitutes parts of other 
layers which must not necessarily be connected to salt layers by assigning a salt facies in the 
geometrical frame of the present-day salt body and at suitable time steps in order to mimic 
salt movement. “Salt Movement” changes the geometry of the salt layer, while the layer 
volume remains constant, meaning that the salt layer moves through other layers over time, 
directly influencing the model geometry. This, however, often results in distortions, which 
have to be manually fixed. Here, the “Salt Movement” approach has been chosen, enabling 
sediment load-driven linear salt thickness interpolation through time. In addition, an 
assemblage of 13 paleo-thickness maps defining the lateral salt thickness distribution at 
certain points in time has been applied in order to correct paleo-geometries based on the 
interpolation and to consider the different timing of salt movement in the study area.  
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3.4.6 Heat Flow Analysis 
As a prerequisite for the determination of geochemical reaction rates, the heat flow analysis 
aims to determine the temperatures in the basin. For this, heat convection and conduction 
as well as radiogenic heat production need to be considered and the thermal boundary 
conditions need to be defined (Hantschel and Kauerauf, 2009). In order to calculate the 
temperature gradient and resulting heat flow within a basin, information on the thermal 
conductivity of the basin infill and the top and base thermal boundary conditions are 
needed. Basal heat flow is related to processes such as crustal heat production, crustal 
thinning/mantle upwelling or volcanic activity. The sediment-water interface temperature 
(SWIT) at the top of the basin is calculated based on the paleo water depth and paleo 
latitude. Finally, radiogenic heat production of the basin infill itself is calculated. This 
process has often been neglected in the past and hence former studies often overestimated 
basal heat flow. 
SWIT+PWD 
The evolution of the sediment-water interface temperature used for the model was defined 
using the latitude dependent standard model from PetroMod® based on Wygrala (1989) in 
correlation with paleo water depth data based on and modified from 
van Adrichem Boogaert and Kouwe (1993), Kockel (2002), Miller et al. 2005 and Littke et al. 
(2008).  
Paleo water depth does not only influence the interface temperature but is also important 
for compaction and pressure implications. Paleo water depths assigned to the model, 
however, do not exceed 200 m and therefore, in comparison to the much larger burial 
depths due to depositional loading, play only an inferior role to the compaction of rock 
strata. 
Basal Heat Flow  
In this study, both a classical semi-static McKenzie approach (Scenario 2; Fig. 3.5; McKenzie 
1978) based on and modified from former studies (Petmecky et al., 1999; Senglaub et al., 
2005, 2006; Bruns et al., 2013) and the (multi-)1D probabilistic tectonic heat flow modeling 
approach (Scenario 1; Fig. 3.6) presented in van Wees et al. (2009) have been applied to the 
study area. Scenario 2, following the classical heat flow calculations as presented in 
McKenzie (1978), displays typically elevated heat flow responses during rifting events. 
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In contrast, the heat flow model presented in van Wees et al. (2009) also incorporates 
effects of sedimentation and erosion as well as transient effects of surface temperature and 
radiogenic heat production. It comprises a variety of tectonic scenarios including McKenzie 
and two-layered stretching/mantle upwelling and is capable of backstripping burial 
histories, calibrated to paleo and present-day temperature data. To model the basal and 
surface heat flow a simulation is performed for multi-1D synthetic wells which have been 
constructed from the correlated joint model. In this study, a well spacing of approximately 
4 km has been used, resulting in over 4000 synthetic wells. For each of these wells the 
backstripped tectonic subsidence is forward modeled with a McKenzie stretching model. 
The forward modeled lithosphere deformation of the synthetic wells can be depicted in 
crustal stretching maps (Fig. 3.7). From these maps we can derive the spatial and temporal 
variation in deformation as linked to orientation of the stress tensor.  
 
Fig. 3.5: Heat flow assignment map of scenario 2. Heat flow trends have been 
presented in Bruns et al. (2013): Area 1 ≙ HF Plot: Pompeckj Block, Area 2 ≙ HF 
Plot: Lower Saxony Basin. Both heat flow trends incorporate early Permian rift-
related peaks of 80-90 mW/m
2
. In Area 2 an additional Late Jurassic rift-related 
peak of 85 mW/m
2
 was included. 
The crustal stretching factors used as basis for crustal thinning and heat flow implications of 
a rift model, however, neglect the effects of sediment infill and change in heat production in 
the crust. As proposed by van Wees et al. (2009), continental heat flow is very sensitive to 
sedimentation rates during tectonic processes. As a consequence the typical heat flow 
response during a rifting phase is decreasing of heat flow because of rapid sedimentation. 
Heat flow is most strongly elevated during rapid inversion, due to removal and exhumation 
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of relatively hot rocks close to the surface. These heat flow responses are very well visible 
when plotting the heat flow at the end of a rapid subsidence phase (Fig. 3.6; e.g. at 309 Ma, 
89 Ma). 
 
Fig. 3.6: Basal heat flow maps (scenario 1) based on the approach presented in van 
Wees et al. (2009). 
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Fig. 3.7: Top: Total crustal stretching map. Note the gradual increase of cumulative 
stretching towards the north-east (in particular for the Pompeckj Basin). Bottom: 
Incremental stretching for the Upper Cretaceous inversion. 
In order to test the sensitivity of modeled erosional thickness which is dependent on basal 
heat flow during time of deepest burial, these two basal heat flow scenarios have been 
applied to the 3D model. The exemplary heat flow trends, representing the two scenarios, 
as illustrated in Fig. 3.8, differ significantly. At time of deepest burial prior to the Upper 
Cretaceous uplift (89 Ma), the basal heat flow can differ by up to 17 mW/m2, e.g. in the 
Lower Saxony Basin, strongly influencing the amount of paleo burial depth needed to 
achieve a match with available paleo temperature calibration data. 
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Fig. 3.8: Exemplary heat flow trends extracted from the central Lower Saxony Basin. 
Trends taken from the different heat flow scenarios 1 (blue) and 2 (red). 
3.4.7 Calibration Data 
A large amount of paleo- and present-day temperature data could be utilized to calibrate 
the thermal evolution of the sedimentary succession. The dataset consists of vitrinite 
reflectance (VRr) data from outcrops, mines and well cores including own measurements 
and internal data (mainly based on numerous unpublished bachelor and master theses at 
RWTH Aachen University), published data (Schwarzkopf, 1987; Hecht et al., 1962; 
Bartenstein et al., 1971; Teichmüller et al., 1979; Altebaeumer, 1982; Teichmüller and 
Teichmüller, 1985; Littke et al., 1988; Leischner et al., 1993; Leischner, 1994; Büker et al., 
1995; Neunzert et al., 1996; Petmecky, 1998; Littke et al., 1998; Senglaub et al., 2006; 
Blumenstein et al., 2008; Schwarzer and Littke, 2007; Nelskamp et al., 2008; Uffmann et al., 
2010), TNO (Dutch Organization for Applied Scientific Research) data and the VIDABA 
(vitrinite database of the Federal Institute for Geosciences and Natural Resources, BGR) as 
well as downhole temperature data from internal data and partly provided by ExxonMobil 
(Hannover, Germany). In total, calibration data at 731 locations in the study area was 
available, covering a stratigraphic interval from the Pennsylvanian to the Tertiary. This 
dataset has been quality-checked and categorized (Tab. 3.5, Fig. 3.9): The most reliable 
category (I) consists of VRr profiles covering deep wells and including Carboniferous samples 
containing coals or dispersed coaly material. Also, wells with both VRr and DHT (downhole 
temperature) profiles are listed here. The second category (II) includes isolated 
Carboniferous samples or VRr profiles excluding the Carboniferous. The third category (III) 
represents data with only few values excluding the Carboniferous, and the fourth and 
lowest quality category (IV) consists of only one single non-Carboniferous value. An 
additional category (V) has been implemented to account for locations with only DHT data 
available. In general, vitrinite reflectance measurements on coals are more reliable and 
show a much smaller scatter than those on dispersed coaly particles (Scheidt and Littke, 
1989). This, however, does not mean that measurements on sediments other than coals are 
of less quality. Thus, despite the fractionation into different quality categories all available 
data was initially utilized for the calibration process. Only, if data of neighboring wells or the 
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locally observed lateral maturity trend, respectively, would show discrepancies, further 
analysis was performed. If maturity shifts between neighboring wells, e.g. due to fault 
bounded block separation, could be discarded as explanation, off-limit data was excluded 
from the calibration process. 
Tab. 3.5: Summary and quality categorization of the calibration dataset. 
Wells %
No. Color %
I     112 15.32
II 156 21.34
III 104 14.22
IV 319 43.64
V 40 5.48
Total 731 100
Category
 
 
 
Fig. 3.9: Locations with available paleo and present-day temperature calibration 
data. Colors represent different quality categories (see Tab. 3.5). 
It is possible to calculate and predict vitrinite reflectance values by the modeling software 
through determination of the timing and magnitude of maximum temperatures. The 
prediction of maturation represented by vitrinite reflectance is based on temperature 
sensitive Arrhenius type reaction rates and simple conversion equations (Hantschel and 
Kauerauf, 2009) so that the temperatures (based on the defined thermal boundary 
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conditions and burial depths) and respective reflectance data can be compared to the 
measured calibration data. 
3.4.8 Erosion 
In accordance with the tectonic evolution of NW-Europe three major uplift/erosion events 
have been identified in the study area and were included in the modeling by erosion maps. 
The compilation of these erosion maps followed the multi-1D approach described in Bruns 
et al. (2013) (Fig. 3.10): 1D models at 731 locations were extracted from the 3D model. The 
erosion amounts and paleo burial depths, respectively, were modeled taking the different 
basal heat flow scenarios as basis. The erosion amounts were constrained and calibrated by 
vitrinite reflectance and DHT data and obtained by means of 1D temperature and pressure 
simulations. These modeled erosion amounts were manually transferred into erosion maps 
and used as data points for finalizing the maps by inverse distance interpolation. The quality 
of the resulting erosion maps, hence, highly depends on the lateral distribution density of 
the calibration data itself. In the area of the Netherlands, only a comparably small amount 
of locations with calibration data was made available. The compiled erosion maps might 
therefore show qualitative deficits concerning the interpolation of erosional amounts in the 
Dutch area in comparison to Germany where the data density is much higher. In order to 
finalize these erosion maps they were used in 3D simulations. Since maturity calculations 
can differ between 3D and 1D simulations despite being based on the same input a quality 
check of the calculated maturities based on a 3D temperature and pressure simulation 
approach needed to be performed (Bruns et al., 2013). The amounts of eroded overburden 
and respective erosion maps (based on 1D simulation results) were therefore, if needed, 
slightly refined to match the available calibration data.  
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Fig. 3.10: Workflow chart of the erosion map compilation. 1D basin models 
extracted from the 3D model were used to model eroded thicknesses (upper left). 
Data were plotted in multi-1D maps (lower left). Erosion maps were compiled by 
interpolation of the multi-1D maps (lower right). A final 3D model was created, in 
which minor refinements of eroded thicknesses were performed until an optimal 
calibration (upper right) was achieved (modified from Bruns et al., 2013). 
3.5 Results  
3.5.1 Burial and Erosion 
The Variscan (Asturian) tectonic phase induced uplift throughout most parts of the study 
area leading to erosion rates of up to 760 m/Ma and erosional thicknesses of up to 3800 m 
of Westphalian deposits in the Münsterland Basin as well as northeastern future Lower 
Saxony Basin and up to 2400 m with rates up to 480 m/Ma in the northern onshore 
Netherlands during the Upper Carboniferous/Lower Permian (Fig. 3.11). Van Wees et al. 
(2000) stated that a combination of wrench-related lithospheric deformation, thermal 
erosion of the mantle lithosphere, and magmatic inflation of the lithosphere during the 
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Autunian caused volcanic activity and uplift in the Netherlands. De Jager and Geluk (2007) 
added that Stephanian and Westphalian deposits were subject to a maximum amount of 
erosion of approximately 1800 m of Westphalian sediments. Our erosion map is based on 
maps of initial (Drozdzewski and Wrede, 1994) and present-day thickness distribution of the 
Westphalian (Gerling et al., 1999b). The erosion map was compiled by subtracting the 
present-day Westphalian thickness from the initial thickness map. In areas where at 
present-day Westphalian D is still present, no or little erosion took place (western Lower 
Saxony Basin).  
 
Fig. 3.11: Total amount of eroded overburden removed during the 
Variscan/Asturian (Upper Carboniferous) inversion. 
During the latest Jurassic parts of the (from East to West) Pompeckj Basin, Groningen 
Platform, Lauwerszee Trough, Friesland Platform, Vlieland Basin, Texel-Ijsselmeer High and 
Noord-Holland Platform in the North of the study area as well as the (from East to West) 
Krefeld High, Peel-Maasbommel Complex and Zeeland High in the South were uplifted 
during the Kimmerian tectonic phase. On average, 1100 m (Scenario 1) and 800 m (Scenario 
2) with maxima of 4500 m (Scenario 1) and 4200 m (Scenario 2) of basin infill has been 
eroded. The erosion affected a large stratigraphic column, locally even the Carboniferous. 
Modeled uplift rates vary but can reach up to 300 m/Ma in areas where strongest uplift and 
erosion is observed (Fig. 3.12). This erosion phase mainly affected structural highs or 
platforms. 
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Fig. 3.12: Scenario 1: Total amount of eroded overburden removed during the 
Kimmerian (Upper Jurassic) inversion. 
The last major erosion phase (Subhercynian) that affected the study area is related to the 
Alpine Orogeny during the Upper Cretaceous to Paleogene. This erosion phase mainly 
influenced the basins and caused severe uplift and erosion. Inversion and modeled erosion 
amounts have been strongest during this phase removing large amounts of Cretaceous to 
Triassic and even Paleozoic deposits in the (from East to West) southern part of the Gifhorn 
Trough, Lower Saxony Basin, Central and West Netherlands basins. Maximum uplift rates of 
up to 370 m/Ma induced erosion of up to 8950 m (Scenario 1) and 6700 m (Scenario 2) in 
the Lower Saxony Basin near Osnabrück. On average, 1920 m (Scenario 1) and 1535 m 
(Scenario 2) of the initial layer thickness has been removed during this period (Fig. 3.13 and 
Fig. 3.14). Burial in the southwestern part of the West Netherlands Basin is deepest at 
present-day; only the northeastern flank and the Central Netherlands Basin have been 
influenced by moderate uplift during the Upper Cretaceous. Observed present-day 
maturities in the study area which are due to increased paleo burial depth differ 
significantly between the basins in Germany and the Netherlands. Former burial depths in 
the Dutch basins were much lower than in parts of the Lower Saxony Basin. 
3 Thermal evolution and shale gas potential of the Wealden and Posidonia Shale 82 
 
 
Fig. 3.13: Scenario 1: Total amount of eroded overburden removed during the 
Subhercynian (Upper Cretaceous) inversion. 
 
Fig. 3.14: Scenario 2: Total amount of eroded overburden removed during the 
Subhercynian (Upper Cretaceous) inversion. 
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3.5.2 Maturity Evolution  
Posidonia Shale  
At the Jurassic/Cretaceous boundary the top of the Posidonia Shale had been buried to 
average depths of 2000-3000 m (max. 3600 m) in the Lower Saxony Basin center, 1000-
1700 m (max. 2700 m) in the Gifhorn Trough, 500 m in the Pompeckj Basin (max. 1200 m) 
and 1000-1700 m (max. 2600 m) in the West Netherlands Basin. Areas affected by 
Kimmerian uplift (see Fig. 3.12) had formerly been buried to maximum depths of 4500 m 
(Scenario 1) and 4000 m (Scenario 2) in the Pompeckj Basin, 2850 m (Scenario 1) and 
2650 m (Scenario 2) in the Friesland Platform as well as 1950 m (Scenario 1) and 1600 m 
(Scenario 2) in the Peel-Maasbommel Complex and Krefeld High. 
Lower Cretaceous deposition increased the burial depth of the Posidonia Shale in the Lower 
Saxony Basin significantly. During the Upper Cretaceous the end of sedimentation (89 Ma) 
was characterized by greatest burial depths as deep as 10.000 m (Scenario 1) and 7800 m 
(Scenario 2) resulting in temperatures of up to 330°C. Maturities in some parts of the Lower 
Saxony Basin depocentre reached the overmature state partly exceeding 4.7% VRr (the 
kinetic of Sweeney and Burnham (1990), used for maturity calculation in this model, allows 
calculations only up to 4.7% VRr). The average maturation in the basin center reached the 
dry gas stage (>2.3% VRr) whereas the basin margin maturities remained in the oil window. 
Maturation of the Pompeckj Basin also progressed, especially in the rim basins of salt diapirs 
and salt walls, reaching the early to main oil generation stage (Fig. 3.15). In the eastern 
Gifhorn Trough, burial reached maximum depths of up to 4400 m (Scenario 1) and 3800 m 
(Scenario 2). Temperatures ranged between 80-120°C but were locally higher reaching up to 
180°C, resulting in maturities within the oil generation window. At small confined spots 
often associated with salt structures maturities increased up to the wet gas stage (1.3-
2.3% VRr).  
Since then maturities in the Lower Saxony Basin did not increase. The Subhercynian 
inversion induced uplift and erosion of the Lower Saxony Basin removing up to 8950 m 
(Scenario 1) and 6800 m (Scenario 2) of basin infill. Today the top of the Posidonia Shale can 
be found at depths between 0 m and 3600 m with deepest locations in the northwestern 
West Netherlands Basin, northern Lower Saxony Basin and northeastern Pompeckj Basin. 
During uplift of the Lower Saxony Basin the deposition in the Pompeckj Basin and the 
northern part of the Gifhorn Trough proceeded leading to maximum burial depths of up to 
3600 m in the Pompeckj Basin and 3000 m in the Gifhorn Trough. Thus, more areas in the 
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Pompeckj Basin and Gifhorn Trough have nowadays reached the oil generation stage (Fig. 
3.15). 
 
Fig. 3.15: Temperature during deepest burial at 89 Ma (A), present-day maturity (B) 
and present-day temperature (C) at the top of the Posidonia Shale. 
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Prior to the Subhercynian erosion during the Upper Cretaceous the end of sedimentation in 
the Netherlands was only partly characterized by greatest burial depths. Average burial 
depths in the West Netherlands Basin equaled 2600 m in the center and 1600 m at the 
basin flanks. The Central Netherlands Basin shows burial depths of 1800 m on average. 
Temperatures ranged between 75-120°C resulting in maturities of 0.4-1.2% VRr; thus, large 
parts of the basins reached the oil generation stage (Fig. 3.15). 
The Subhercynian erosion removed up to 2900 m (Scenario 1) and 2200 m (Scenario 2) of 
basin infill and most of the Posidonia Shale in the area of the Central Netherlands Basin. 
Therefore, at present-day the Posidonia Shale in the Netherlands is only widespread in the 
West Netherlands Basin, where erosion was not as distinct. Burial, especially in the 
southwestern part of the West Netherlands Basin, continued until present-day. Burial 
depths of up to 3600 m result in temperatures of up to 140°C and maturities up to the late 
oil-early gas generation stage (1.3% VRr) (Fig. 3.15). 
Wealden/Coevorden Formation 
During the Upper Cretaceous prior to the main uplift phase the end of sedimentation in the 
Lower Saxony Basin (89 Ma) was characterized by greatest burial depths of up to 7900 m 
(Scenario 1) and 5800 m (Scenario 2) resulting in temperatures of up to 260°C. Maturities in 
some confined parts of the Lower Saxony Basin depocentre reached up to 3.7% VRr; the 
average maturation in the basin center reached the dry gas stage (>2.3% VRr) whereas the 
basin margin maturities remained in the oil window (Fig. 3.16). The Pompeckj Basin and 
eastern part of the Gifhorn Trough mainly remained immature. In the western Gifhorn 
Trough burial reached maximum depths up to 3700 m (Scenario 1) and 2300 m (Scenario 2). 
Temperatures ranged between 50-100°C but locally reached up to 140°C, resulting in 
maturities of 0.6-0.9% VRr within the oil generation window.  
The top of the Wealden at present-day can be found at depths of up to 2700 m. In the 
Lower Saxony Basin the Wealden has been uplifted and its top is now only at a few hundred 
meters depth or even at the surface. Deep-seated areas can be found in the Pompeckj 
Basin, Gifhorn Trough and the Netherlands where burial continued until today or uplift was 
not that distinct. Due to deep burial in the Lower Saxony Basin centre, the gas production 
stage was reached with highest maturities exceeding 3% VRr. The northern and 
northeastern boundaries of the Lower Saxony Basin exhibit lower maturities within the oil 
production window due to lower burial depth. The Wealden-equivalent Coevorden 
Formation in the Netherlands still remained immature (Fig. 3.16). 
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Fig. 3.16: Temperature during deepest burial at 89 Ma (A), present-day maturity (B) 
and present-day temperature (C) at the top of the Wealden. 
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3.5.3 Gas Sorption  
Using the experimentally derived Langmuir sorption parameters for Posidonia Shale samples 
from the Hils Syncline, NW-Germany (Gasparik et al., 2014), the evolution of sorption 
capacity and sorbed gas contents based on the calibrated burial and thermal history has 
been simulated. At present-day the Posidonia Shale exhibits a varying lateral distribution of 
sorption capacity due to the differentiated burial history. Whereas in the central part of the 
Lower Saxony Basin comparably low bulk adsorption capacities of about 0.16*106 tons (note 
that bulk adsorption capacities are given for the total layer thickness within a grid cell size of 
1 km2) have been predicted, the capacities at the northern and eastern boundaries of the 
Lower Saxony Basin, Pompeckj Basin and Gifhorn Trough range around 0.3*106 tons. In the 
West Netherlands Basin and other locally confined spots where the Posidonia Shale in the 
Netherlands can be found nowadays, capacities range between 0.14-0.31*106 tons (Fig. 
3.17A). 
In comparison to the bulk adsorption capacities, the lateral distribution of the sorbed gas 
content shows a different picture. For the central area of the Lower Saxony Basin, gas 
contents of up to 82 scf/ton rock have been calculated. Despite the higher adsorption 
capacity predicted for the Pompeckj Basin, significant gas contents can only be found in few 
areas associated with salt structures where thermal maturities have reached the gas 
generation stage. In the southern part of the Gifhorn Trough and southwestern flank of the 
West Netherlands Basin average gas contents of up to 95 scf/ton rock have been predicted 
(Fig. 3.17B, C).  
Fig. 3.18 illustrates the present-day adsorption capacity and average gas contents in the 
Wealden. The observable hard boundary in the east is due to a source to non-source rock 
facies differentiation based on Gerling et al. (1999a). In reality, the adsorption capacity 
should resemble a gradual transition due to intertwined intersections of shaly and sandy 
facies. The lateral distribution of bulk adsorption capacity of the Wealden resembles its 
layer thickness (Fig. 3.4). Capacities are highest in areas with increased layer thickness and 
range up to 2.34*106 tons in the Ems river area and 3.45*106 tons in the Hunte river area. 
Major gas contents in the Lower Saxony Basin have been calculated for the Ems river area 
with values up to 26 scf/ton rock and the Hunte river area with contents up to 45 scf/ton 
rock (Fig. 3.18B, C). 
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Fig. 3.17: Present-day total bulk adsorption capacity (A; [10
6
*tons per layer 
thickness within a grid cell size of 1 km
2
]), and average volume of methane at 
standard conditions per mass of rock (B=Scenario 1; C=Scenario 2; [scf/ton rock]) of 
the Posidonia Shale. 
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Fig. 3.18: Present-day total bulk adsorption capacity (A; [10
6
*tons per layer 
thickness within a grid cell size of 1 km
2
]) and average volume of methane at 
standard conditions per mass of rock (B=Scenario 1; C=Scenario 2; [scf/ton rock]) of 
the Wealden. 
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Results show that the burial/inversion scenario 1 generally favors gas sorption in 
comparison to scenario 2. Due to deeper burial and lower temperature gradients, higher 
amounts of gas can be observed in scenario 1 (compare Fig. 3.13 and Fig. 3.14). Deeper 
burial leads to higher pressures increasing the amount of gas which can be stored in the 
pore space. Lower temperature gradients increase the sorption capacity. Gas that had been 
generated and adsorbed until deepest burial has been preserved during uplift since bulk 
adsorption capacity actually increases during uplift due to gradually decreasing 
temperatures (see Discussion). 
For the Posidonia Shale in the center of the Lower Saxony Basin and in the northwestern 
part of the West Netherlands Basin, two representative 1D time plots (Fig. 3.20) have been 
extracted from the simulated 3D model. These 1D time plots illustrate the evolution of the 
burial history and the corresponding changes in temperature, transformation ratio, 
adsorption capacity, methane generation due to secondary cracking and adsorbed gas 
contents of the Posidonia Shale. It should be noted here that the different burial histories in 
individual areas result in a varying filling evolution as well as in a varying gas content and 
composition. The onset of gas generation took place almost simultaneously in all areas 
when sufficient temperatures were reached. However, due to a fast and deep burial in the 
Lower Saxony Basin, the maximum temperatures were reached much earlier (89 Ma) than at 
the southwestern margin of the West Netherlands Basin (0 Ma). Kerogen conversion in the 
Lower Saxony Basin, represented by the transformation ratio, was already completed 
between 100-95 Ma.  
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Fig. 3.19: Present-day transformation ratio of the Posidonia Shale. 
At present-day, the southwestern part of the West Netherlands Basin is at its maximum 
burial depth. Only the northeastern flank has been influenced by moderate uplift during the 
Upper Cretaceous. The bulk adsorption capacities in the West Netherlands Basin predicted 
by the model are increasing up to certain temperature and pressure conditions and 
decrease thereafter with further burial. On the other hand, since the beginning of uplift in 
the Lower Saxony Basin, the bulk adsorption capacities remained almost constant until 
present-day. The onset of gas generation is marked by the increase in gas content. It should 
be noted that microbial gas generation has not been included into the model and cannot be 
ruled out as an additional contributor. 
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Fig. 3.20: Representative 1D time plots for the Lower Saxony Basin (A) and West 
Netherlands Basin (B) illustrating the differential evolution of the burial history and 
the corresponding changes in temperature, transformation ratio, adsorption 
capacity, methane generation due to secondary cracking and total adsorbed gas 
contents of the Posidonia shale (bulk adsorption capacity [10
6
*tons]; depth [m]; 
transformation ratio (TR) [%]; secondary cracking products [10
6
*tons]; sorbed 
volume of methane at standard conditions per mass of rock [scf/ton rock]; 
temperature [°C]). 
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3.6 Discussion and Sensitivity Analysis 
3.6.1 Erosion 
Due to the high amount of modeled erosion during the Upper Cretaceous (Subhercynian) 
uplift questions may arise whether the respective uplift rates are plausible and whether 
enough accommodation space in adjacent areas was available. The modeled erosion rates 
range between 100-370 m/Ma and therefore represent a rather moderate uplift scenario 
which is certainly plausible for a transpressional tectonic regime in combination with a 
humid climate at that time. Layer thickness maps of the Upper Cretaceous and Paleogene 
indicate that the general regional transport direction was N-NW-oriented (Fig. 3.21). A mass 
balance analysis comparing accumulated Upper Cretaceous and Paleogene deposits with 
eroded sediment volumes taking into account time of erosion and sedimentation (Fig. 3.21 
and Fig. 3.22) indicates a correlation of increased sedimentation rates in adjacent areas 
during and after erosion in e.g. the Lower Saxony Basin as well as between eroded and 
accumulated volumes. In the study area, about 69900 km3 (Scenario 1) or 58600 km3 
(Scenario 2) of eroded deposits were modeled. In comparison, 34600 km3 of Upper 
Cretaceous and 26400 km3 of Paleogene layer volume can be observed at present-day. 
Although lithological differences (e.g. clastics vs. carbonates) as well as carbonate 
dissolution, water currents and additional accommodation space further north in the North 
Sea sector also have to be considered, it is still obvious that there was sufficient 
accommodation space for the eroded sediment volume.  
Assigned lithologies/facies of the eroded deposits also affect calculated 
temperatures/maturity but this effect is mainly controlled by the differential heat 
conductivity and only marginally by differential compaction rates. The comparison of pure 
shale, pure limestone and the original user-defined lithologies for the eroded deposits of 
e.g. 2700 m yields a difference in initial thickness of only 100 m for shales in comparison to 
carbonates, therefore not taking significant influence on the burial depth. Instead, the 
decreased thermal conductivity of a shaly (in contrast to a limestone or sandstone) lithology 
results in additional heat accumulation and elevated temperatures/maturity. Fig. 3.23D 
shows this effect for one well. In the modeling runs, only the lithologies of eroded Lower 
and Upper Cretaceous strata have been replaced resulting in a significant change in 
temperature and maturity. In reality, the lithologies are constrained by preserved layers e.g. 
in the Pompeckj Basin just north of the Lower Saxony Basin and/or by paleogeographic 
information (e.g. Ziegler, 1990). Nevertheless, the analysis (Fig. 3.23D) implies that 
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lithologies (petrophysical properties) of now eroded layers lead to major uncertainties in 
temperature history modeling. 
 
Fig. 3.21: Present-day Paleogene (A; 26400 km
3
) and Upper Cretaceous thickness (B; 
34600 km
3
). 
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Fig. 3.22: 1D burial plots indicating the coupled timing of uplift and erosion in the 
Lower Saxony Basin with increasing sedimentation rate and layer thicknesses in 
adjacent accommodation areas as e.g. the Pompeckj Basin. 
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Fig. 3.23: Vitrinite reflectance vs. depth calibration plots (A-E) and bulk adsorption 
capacity vs. erosion/burial depth plot (F) for the well presented in Fig. 3.22. 
Measured vitrinite reflectance data (points) and calibration curves (lines) have been 
calculated for A: different erosional thickness with the heat flow trend displayed in 
Fig. 3.8 (Scenario 2); B: different basal heat flow at time of deepest burial with an 
erosional thickness of 2700 m; C: the best-fit model in comparison to deactivated 
radiogenic heat production of the user-defined lithology mix and of a pure shale 
lithology for the sediment column above the Lower Triassic Buntsandstein; D: the 
best-fit model including a single shale or carbonate lithology in comparison to the 
user-defined lithology applied to the eroded deposits; E: the best-fit model with and 
without the radiogenic heat producing basement. 
3.6.2 Maturity and Thermal Calibration 
The presented heat flow and erosion scenarios are based on a thermal calibration utilizing 
vitrinite reflectance (paleotemperature) and downhole temperature (DHT) data. Hereby, 
measured and simulated vitrinite reflectance and temperature vs. depth trends are being 
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matched by adjusting the amount of basal heat flow as well as paleo burial depth and 
erosion, respectively. The modeled erosion scenarios already present a sensitivity analysis 
on a basin wide-scale showing their dependency on differing basal heat flow. In order to 
further illustrate the calibration procedure and the sensitivity of modeling results to 
changing input data Fig. 3.23 displays several scenarios developed for the representative 
well of the Lower Saxony Basin shown in Fig. 3.22 (top). A best fit model has been created 
assuming basal heat flow scenario 2 as displayed in Fig. 3.8 in combination with an erosion 
amount of 2700 m (Scenario 2; Fig. 3.22). Using basal heat flow scenario 2 with 59 mW/m2 
at the time of deepest burial different amounts of paleo burial depth and erosion (ranging 
between 2300-3300 m) during the following Subhercynian Inversion were tested (Fig. 
3.23A). In an alternative scenario, leaving the amount of eroded deposits at a constant value 
of 2700 m, differing assumptions on basal heat flow during time of deepest burial were 
applied ranging from 68 to 48 mW/m2 (Fig. 3.23B) 
The lower thermal boundary is defined by the basal heat flux into the basin. The underlying 
artificial basement layer with an average thickness of 10.000 m also features a radiogenic 
matrix heat production of 1 µW/m3. Thus, the actual lower thermal boundary of the 3D 
model is a combination of the assigned basal heat flow through time and the radiogenic 
heat production of the basement layer. The basement layer thickness therefore influences 
the needed amount of basal heat flow and the assigned heat flow trends would exhibit 
slightly higher values if the basement layer had been excluded. This is shown in Fig. 3.23E, 
where simulated vitrinite reflectance trends based on incorporation and exclusion of this 
basement layer have been compared using the same basal heat flow trend and erosion 
amount. 
The implementation of natural radiogenic heat production of the basin infill itself has shown 
that a reassessment of former basin modeling studies is generally needed. The possibility to 
implement this additional heat input within a basin especially effects former assumptions 
on basal heat flow which have been overestimated if radiogenic heat production had not 
been considered. Since Uranium, Thorium and Potassium as major contributors to 
radiogenic heat can mainly be found in shales, the generated heat and effect on maturation 
strongly depends on the existing amount of shale or shaly lithologies in the sedimentary 
column. Systematical comparison of modeling results regarding basal heat flows during time 
of deepest burial with former studies (e.g. Petmecky, 1998) in the Lower Saxony Basin has 
shown some differences. Basal heat flows (as well as burial depth) at these critical moments 
during deepest burial could be reduced and still yielding the same results regarding the 
present-day maturity level. This difference of course is only valid for the Lower Saxony Basin 
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with its unique distribution of shale content and cannot necessarily be applied for other 
basins. Fig. 3.23C illustrates this difference of deactivated radiogenic heat production of the 
original mix of user-defined lithologies (green line). Using basal heat flow scenario 2 and 
leaving the erosion amount constant the vitrinite reflectance trend has been simulated with 
and without radiogenic heat production. Results indicate that VRr values differ on average 
by 20%; i.e. higher basal heat flow and/or deeper burial is required to match the VRr values 
if no internal radiogenic heat production is taken into account. In addition, the influence of 
shale content and its radiogenic heat production on the temperature field has been tested 
(Fig. 3.23C). By applying a pure shale lithology to the sediment column above the Lower 
Triassic Buntsandstein the effect of heat accumulation due to decreased thermal 
conductivity becomes apparent (red line). Deactivating the radiogenic heat production of 
the shale lithology leads to a reduced maturity (blue line). In conclusion, the effect of heat 
accumulation on maturity due to reduced thermal conductivity of shale is bigger than the 
influence by radiogenic heat production. 
3.6.3 Intrusion vs. Inversion - Bramsche Massif  
A problem of regional importance is the thermal development of the inverted Lower Saxony 
Basin. It is still being controversially discussed whether present-day maturities especially in 
the southwestern part of the basin have developed in response to a deep-seated plutonic 
intrusion, the so-called Bramsche Massif, having ascended during the Late Cretaceous (e.g. 
Bartenstein et al., 1971; Teichmüller et al., 1979, 1984) up to present-day depths of 6 km 
(Brockamp, 1967; Stadler and Teichmüller, 1971; Bilgili et al., 2009) or due to deep 
subsidence until the Late Cretaceous followed by uplift of the basin and widespread erosion 
of the basin infill (Senglaub et al., 2005, 2006; Adriasola-Muñoz et al., 2007; Brink, 2013; 
Bruns et al., 2013). Both, conspicuously anomalous gravimetric and magnetic attributes 
(Schmidt, 1914) as well as refraction seismics (Brockamp, 1967) were formerly interpreted 
as a result of a mafic intrusion body (Stadler, 1971; Bartenstein et al., 1971; Stahl, 1971). 
Many studies based on newly performed measurements and reinterpretation of formerly 
acquired data have shown that the old intrusion scenario has to be revised (e.g. John, 1975; 
Baldschuhn and Kockel, 1999; Kockel, 2003; Brink, 2002, 2013; Senglaub et al., 2005, 2006; 
Adriasola-Muñoz et al., 2007; Bruns et al., 2013). The aim of the thermal and burial history 
reconstruction presented in this study is to aid in showing alternative inversion scenarios in 
contrast to the intrusion hypothesis.  
It is without doubt that the anomalously basin-wide pattern of high maturities in the Lower 
Saxony Basin has been caused by high temperatures. Increased temperatures can develop 
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through elevated heat flows (e.g. in the vicinity of a plutonic intrusion or due to crustal 
thinning) and/or through deep subsidence. These high maturities, however, cannot only be 
observed in corresponding depths where they would be expected regarding the regional 
temperature gradient but also near the surface of the basin mirroring reduced or even 
missing layer thicknesses in the basin area which are still present in the surrounding areas of 
the Lower Saxony Basin (Bruns et al., 2013). Here, especially in the southern part of the 
basin stratigraphically older strata had been uplifted to shallow depths and partly eroded. In 
addition, expected high VRr gradients which would suit elevated heat flows caused by an 
intrusion can generally not be observed; most of the available vitrinite datasets of the Lower 
Saxony Basin (see VIDABA; Bruns et al., 2013) rather match a temperature evolution that 
was caused by deep subsidence. In addition, modeling approaches have shown that it is 
difficult to reach observed surface maturities with a large intrusion body at 6-10 km depth. 
Seismic velocity logs show high velocities indicating strongly compacted strata in and 
especially outside of that area (John, 1975; Brink, 2002) resulting in similar magnitudes of 
uplift as presented here. The observable density and gravitational anomaly in the area of 
the Bramsche Massif does not necessarily have to be an effect of a magmatic body (Bilgili et 
al. 2009) but could e.g. also hint towards compacted high-density strata and/or integrated 
granulitized/eclogitized lower crust which was uplifted to lower depths (Brink, 2013). New 
magnetotelluric measurements (Hoffmann et al., 2008; Brink 2010, 2012) show no 
indication of a plutonic body exhibiting low electric conductivities and high electric 
impedance, respectively, above 15 km depth. Brink (2013), therefore, proposed further 
alternative scenarios which could be held responsible for the observed anomalous 
attributes. High electric conductivities in close proximity to the seismic refractor and the 
specific seismic velocities in that refractor, originally interpreted as the roof of the intrusion, 
might also indicate Lower Carboniferous/Upper Devonian shelf carbonates (Hoffmann et al., 
2008; Doornenbal and Stevensons, 2010) to which the observed seismic velocities would 
suit more. On top of these carbonates, Upper Carboniferous deposits with high organic 
content had been deposited. The electric conductivity of these organic-rich deposits has 
then been altered and increased during graphitization. This carbonate platform, however, 
would probably not solely be responsible for the gravimetric and magnetic anomalies 
observed. Therefore, supported by modeling studies of Petrini and Podladchikov (2000) and 
Scheibe et al. (2005), Brink (2013) suggested an additional eclogite body of high density and 
magnetic susceptibility beneath the carbonate platform. This body would have been 
uplifted as part of the lower crust implying an incorporation of the basement into the 
inversion of the Lower Saxony Basin.  
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On the other hand, the possibility of partial melting of the lower/middle crust and a Permo-
Carboniferous magmatic intrusion during the Permian extensional phase cannot be 
suspended. Vast and thick Permian volcanics can be found especially north and east of the 
basin (Fig. 3.2B; Breitkreuz et al., 2008; Maystrenko et al., 2010). It is, however, unlikely that 
high present-day maturities of strata deposited until then (e.g. Carboniferous for which 
calibration data was available) had already been reached at that time. Maturities of the 
Meso- and Cenozoic overburden could not have been reached by post-Permian burial to 
observed present-day depths. This burial anomaly indicates much higher temperatures than 
at present-day to match the paleo-temperature calibration data. Additionally, increased 
temperatures due to rising geothermally heated water at the Jurassic/Cretaceous boundary 
during rifting and initiation of the basin are common but the heating effect would be locally 
constrained and following the fault system. This could not cause the high maturities visible 
on such a basin-wide scale. During the Upper Cretaceous the Lower Saxony Basin underwent 
compression/transpression due to the Africa-Iberia-Europe convergence but extrusives, 
rising geothermally heated water and magmatic intrusions are statistically more common in 
extensional regimes (Chaussard and Amelung, 2014) rendering the hypothesis of a 
magmatic intrusion developing during the Upper Cretaceous even more unlikely.  
3.6.4 Sorption 
Methane sorption capacity and its implementation in PetroMod® 
In this study, the experimental methane sorption data for the Posidonia shale from the Hils 
syncline, NW-Germany (Gasparik et al., 2014) and unpublished sorption data for the 
Wealden were used to derive the input Langmuir parameters for the PetroMod® simulation 
(Tab. 3.4). While in Gasparik et al. (2014) the adsorbed phase density (ρads) was used as a 
fitting parameter, here the value for ρads was fixed to 423 kg/m³ (i.e. liquid methane density 
at the boiling point; Tab. 3.4). This value is often used in the literature as an approximation 
for the adsorbed phase density (Busch and Gensterblum, 2011). While in the current version 
of the PetroMod® software ρads is not explicitly implemented as an input parameter, the 
value of ads  significantly influences the other two parameters, VL and pL. This is obvious 
from the relationship between the excess sorption (experimentally determined quantity) 
and the absolute sorption: 
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where  pT,g  is the bulk (free) gas density at given temperature (T) and pressure (p). The 
meaning of the “excess” sorption is simply the amount of gas present within the pores that 
is in excess to the amount that would have been present if no sorption took place (this 
“non-sorption” case is experimentally determined by helium expansion). The absolute 
sorption, on the other hand, designates the amount of condensed gas phase defined by its 
density ( ads ) and occupying the volume (Vads) at the gas-solid interface. The excess sorption 
is determined experimentally and can be unambiguously represented by the three fitted nL, 
pL and ads  parameters using Eq. 3.1. Different combinations of the three parameters can be 
obtained for a single isotherm depending on whether the ρads is fixed (to some “meaningful” 
value) or used as a free fitting parameter. On the other hand, the absolute sorption cannot 
be determined experimentally as there is no current technology that would allow ads  and 
Vads to be measured directly. At low pressures or at subcritical conditions the absolute 
sorption can be reasonably approximated by the measured excess sorption as the bulk gas 
density  pT,g  is negligibly small compared to the adsorbed phase density ads  (i.e. the 
ratio   adsg ,  pT  in Eq. 3.1 is approximately zero). At supercritical conditions, however, 
with increasing pressure the absolute sorption deviates increasingly from the measured 
excess sorption due to a significantly large  pT,g  For methane at pressures > 8 MPa, the 
excess sorption isotherms on shales often exhibit a maximum followed by a downward 
trend of excess sorption with increasing pressure (Gasparik et al., 2012, 2014) meaning that 
the bulk density  pT,g  increases with pressure at higher rates than the adsorbed phase 
density ads . Such isotherms with maxima can only be represented by the 3-parameter 
excess sorption function (nL, pL, ads ) which is a direct approximation to the experimental 
data (irrespective of the true physical meaning of the parameters). The sorption data (VL 
and pL) as implemented in the PetroMod® software, thus represent the absolute sorption 
and are no longer unambiguous for the reasons discussed above. 
In geologic situations, as a first-order approximation, the sorption capacity of a given shale 
(other rock properties being constant) is controlled by pressure and temperature. The 
simultaneous effect of pressure (increases the sorption capacity) and temperature 
(decreases the sorption capacity) can be illustrated in sorption capacity versus depth plots. 
Such a plot for the Posidonia Shale (VRr = 1.5%) is shown in Fig. 3.24 for both absolute and 
excess sorption using the data in Tab. 3.4. A geothermal and hydrostatic gradient of 
30°C/km and 10 MPa/km, respectively and a surface temperature of 20°C were assumed. 
Fig. 3.24 shows several important features. Firstly, the limit of experimental conditions is 
indicated as a corresponding depth interval at maximum experimental pressure 
(25 MPa ~ 2500 m) and temperature (150°C ~ 5000 m). The “representativeness” of the 
experimental conditions for high-pressure/high-temperature sorption in gas shales is 
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accordingly limited more by the extent of maximum experimental pressures than maximum 
experimental temperatures. Above this depth interval the calculated sorption capacity must 
be extrapolated. Secondly, the Fig. 3.24 shows clearly the difference between the excess 
and the absolute sorption capacity. The excess sorption capacity exhibits a maximum of 
89 scf/t or 2.6 m³/t (standard cubic meters/ton for gas at 101.325 kPa and 20°C) at a depth 
of ca. 1000 m and falls steadily thereafter with further increase in depth. The absolute 
sorption capacity exceeds significantly the excess sorption capacity and reaches a maximum 
at a depth of ca. 2600 m followed by only a slight decrease with further increase in depth.  
 
Fig. 3.24: Methane sorption capacity (excess and absolute) as a function of depth 
calculated from the experimental sorption data for the Posidonia Shale (VRr = 
1.5%). A significant deviation between the excess and the absolute sorption (as 
used by PetroMod®) can be observed. The shaded area indicates the limit of 
experimental data. The geothermal and hydrostatic gradients as well as the surface 
temperature are indicated below the plot. 
The use of absolute vs. excess sorption data has important implications for the uncertainties 
in estimation of Gas-In-Place (GIP) as already discussed by Ambrose et al. (2012). Using the 
definition of excess sorption, the total gas storage capacity is simply a sum of the excess 
sorption capacity and the free gas capacity which is a function of gas-filled porosity 0 : 
     0free
excess
adstotal ,,,,  pTVpTVpTV  (Eq. 3.2) 
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However, when the absolute sorption data is used for calculating GIP instead, the 
calculation of the free gas storage capacity has to explicitly consider the reducing effect of 
the adsorbed molecules on the pore volume available for the free gas: 
     ads0free
absolute
adstotal ,,,,  pTVpTVpTV   (Eq. 3.3) 
where ads  is the portion of the total gas-filled porosity taken up by the sorbed molecules. 
If this effect is ignored, the calculated total gas storage capacity will be overestimated by 
the amount equal to the difference between the absolute and the excess sorption capacity. 
Accordingly, and also referring to the discussion by Ambrose et al. (2012), the use of excess 
sorption should be preferred over absolute sorption in basin modeling or reservoir 
simulators as it is the closest representation of the experimental data and no volumetric 
corrections need to be made to the free gas component.  
Adsorption capacity and gas content during burial history  
The present-day gas quantities in a particular shale gas play result from a complex interplay 
between the amount of gas generated from the breakdown of organic matter (through 
thermogenic or biogenic processes) and the capacity of the rock to retain this gas. Basin 
modeling provides an effective tool to study gas generation and the evolution of the 
adsorption capacity and the gas content through burial history. It should be stressed here 
that the complexity of the unconventional petroleum system can hardly be captured by the 
model and therefore the quantitative results should be interpreted with caution. In addition 
to the uncertainties related to the use of “absolute” sorption discussed in the previous 
section, the characteristics of the pore system and hence the sorption capacity will change 
during the thermal maturation. For coals, these are well established observations (e.g. 
Hildenbrandt et al., 2006; Gensterblum et al., 2014). Recently published data on organic-rich 
shales by Gasparik et al. (2014) and Zhang et al. (2012) have shown that the sorption 
capacity and the thermodynamic sorption parameters change systematically with maturity. 
In addition, the presence of moisture has a strong impact reducing the sorption capacity 
due to a competitive sorption between the water and the gas (methane) molecules. In 
PetroMod®, only the TOC is used as a scaling parameter and the influence of maturity and 
moisture on the sorption capacity is not captured by the model. Since the input 
experimental sorption data by Gasparik et al. (2014) are based on overmature (VRr = 1.5%) 
Posidonia Shale samples at dry conditions, the calculated sorption capacity should be 
regarded as a maximum scenario. 
Based on the changes in pressure and temperature during the burial evolution in the Lower 
Saxony Basin and West Netherlands Basin the results for the Posidonia Shale (Fig. 3.20) 
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show that the sorption capacity increases initially up to a depth of ca. 1000 m for the Lower 
Saxony Basin and the West Netherlands Basin (compare with Fig. 3.24) and thereafter 
decreases reaching a minimum value at the maximum burial depth. In the Lower Saxony 
Basin where a significant uplift took place during the Upper Cretaceous the sorption 
capacity has remained rather constant since. This reflects the fact that the absolute sorption 
changes less with depth after reaching its maximum value (Fig. 3.24). This is also shown in 
Fig. 3.23F, where different maximum burial depths or erosion amounts, respectively and 
their influence on sorption capacity have been tested. Here, using the same basal heat flow 
trend, varying amounts between 2300 m and 3300 m of layer thickness removed during the 
Subhercynian inversion of the Lower Saxony Basin illustrate the sensitivity of sorption 
capacity to changes in burial depth and respective compaction and porosity as well as burial 
temperature (compare with Fig. 3.24). 
The gas content and the relative proportion of adsorbed and free gas depends on the 
amount of gas generated (transformation ratio) and the total storage capacity (sorbed gas + 
free gas). In PetroMod® simulation, the accumulation of adsorbed gas precedes that of free 
gas which starts accumulating when the generated gas exceeds the sorption capacity. In 
reality, however, the sorbed gas can only coexist in a thermodynamic equilibrium with the 
free gas component in the pore space (or dissolved gas in liquid). When the pore space is 
initially saturated with water a free gas phase may form from the early gas as the dissolution 
of methane in water is very small and the sorption capacity can be as low as 40-50% of that 
for a dry shale. Within the oil generation window, the produced hydrocarbons drive the 
water out of the shale and the pore space becomes increasingly saturated with oil which can 
contain significant quantities of dissolved gas. The increasing partial gas pressure drives the 
oil expulsion as the maturation continues. Finally, due to secondary cracking of the retained 
oil and pyrobitumen, additional pore space is created for the free gas phase. Generation of 
secondary porosity due to thermal breakdown of organic matter is considered in 
PetroMod®, but the influence of core plugging by bitumen within the oil window and 
secondary porosity inside the kerogen and solid bitumen network are not. Further 
uncertainties in estimated porosity arise from mineral precipitation, as well as thermo-
mechanical effects on the pore-system during hydrocarbon generation and under the 
influence of effective stress. Such effects are still poorly understood and up to now very few 
experimental data have been published for shales (e.g. Eseme et al., 2007, 2012). 
Implications for shale gas potential and exploration risk  
Hao et al. (2013) have discussed the potential risks for shale gas exploration in China and 
indicated that the present-day gas amounts in gas-mature shales are primarily controlled by 
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the loss of free gas during and after the peak gas window. Hence, relatively low expulsion 
efficiency during the maximum burial and little or no tectonic faulting during the uplift 
phase (for inverted basins) are beneficial for decreased exploration risk for shale gas. In fact, 
most of the high-maturity productive shales in the U.S. have behaved as closed or semi-
closed systems during and after the peak gas generation and have remained over-pressured 
up to present.  
The outcome of a PSM (petroleum system model) simulation with respect to the present-
day gas content and the relative abundance of free and adsorbed gas will therefore strongly 
depend on the properties of the adjacent lithologies and whether the source rock is 
modeled as open or closed (perfect seal) system. At great depths, the free gas component 
will be the dominant contributor to the total gas content as the sorption capacity is reduced 
at high temperatures. Hence, the adsorption cannot preserve this gas which can be expelled 
during the maximum burial or during subsequent uplift. Significant losses of free gas can 
lead to under-saturation during the uplift stage (Gensterblum et al., 2014).  
The results presented in this study were obtained under the assumption of an open system 
(relatively permeable seals above the source rocks and open model boundaries) and 
therefore represent a rather conservative scenario (under the aspect of open/closed system 
behavior). Fig. 3.20 shows that the present-day gas content in the Posidonia Shale in that 
area of the Lower Saxony Basin is preserved at roughly the same level as at the end of 
hydrocarbon generation (transformation ratio, TR = 100%) before the maximum burial stage 
(100-89 Ma) prior to the uplift phase. The calculated portion of the adsorbed gas relative to 
the total gas is almost 100%. However, this value should not be regarded as meaningful and 
the real value is likely to be <60% at a given depth. The reason for this, as already 
mentioned earlier, is that PetroMod® treats the adsorbed gas as an independent phase and 
the free gas can only exist when the adsorption capacity is exceeded. While this should not 
affect the total gas content, the relative proportion of free gas can be considerably 
underestimated. A similar situation exists in the West Netherlands Basin which has 
experienced much less uplift than the Lower Saxony Basin and for which the ratio of sorbed 
over total gas calculated is also almost 1. 
3.7 Conclusions 
 Major prospective areas within the study area showing shale gas potential at present-
day are confined to the Lower Saxony Basin, southern Gifhorn Trough and West 
Netherlands Basin. 
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 The distribution and thickness of the Wealden and Posidonia Shale has been 
reassessed, providing new source rock thickness maps. 
 Temperature history reconstruction and source rock maturity evaluation are based on 
two different tectonic and thermal evolution scenarios incorporating major uplift 
events that affected the study area. Scenario 2 takes heat flow trends from published 
literature into account (higher heat flows during rifting/thinning of the crust) whereas 
Scenario 1 has been compiled considering in addition the effect of uplifted hot crust 
during inversion and cooling by thick sedimentary piles during rapid sedimentation. At 
time of deepest burial prior to the Upper Cretaceous uplift the basal heat flow can 
differ by up to 17 mW/m2. 
 High resolution erosion maps are now available, especially for the Late Cretaceous 
inversion. 
 During the Upper Cretaceous (89 Ma) the Posidonia Shale in the Lower Saxony Basin 
was characterized by burial depths as deep as 10.000 m (Scenario 1) and 7800 m 
(Scenario 2) resulting in temperatures of up to 330°C. Maturities in some parts of the 
Lower Saxony Basin depocentre reached the overmature state. The average 
maturation in the basin center reached the dry gas stage (>2.3% VRr), whereas the 
basin margin maturities remained in the oil window. 
 Prior to the Subhercynian erosion the end of sedimentation in the West Netherlands 
Basin was only partly characterized by greatest burial depths. Average burial depths of 
the Posidonia Shale equaled 2600 m in the center and 1600 m at the basin flanks. 
Temperatures ranged between 75-120°C resulting in maturities of 0.4-1.2% VRr. Thus, 
large parts of the basin had reached the oil generation stage. 
 The Subhercynian inversion induced strongest uplift and erosion of the Lower Saxony 
Basin removing up to 8950 m (Scenario 1) and 6800 m (Scenario 2) of basin infill. 
Today, the top of the Posidonia Shale can be found at depths of up to 3600 m with 
deepest locations in the northwestern West Netherlands Basin, northern Lower 
Saxony Basin and northeastern Pompeckj Basin. 
 In the Central and West Netherlands basins the Subhercynian erosion removed up to 
2900 m (Scenario 1) and 2200 (Scenario 2) of basin infill. Burial of the Posidonia Shale, 
especially in the southwestern part of the West Netherlands Basin, continued until 
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present-day. Burial depths of up to 3600 m result in temperatures of up to 140°C and 
maturities up to the late oil-early gas generation stage (1.3% VRr). 
 The Wealden in the Lower Saxony Basin was characterized by greatest burial depths of 
up to 7900 m (Scenario 1) and 5800 m (Scenario 2) resulting in temperatures of up to 
260°C. Maturities in some confined parts of the Lower Saxony Basin depocenter 
reached up to 3.7% VRr; the average maturation in the basin center reached the dry 
gas stage (>2.3% VRr) whereas the basin margin maturities remained in the oil 
window. The Wealden-equivalent Coevorden Formation in the Netherlands still 
remained immature. The top of the Wealden at present-day can be found at depths of 
up to 2700 m. In large parts of the Lower Saxony Basin the top has been uplifted and 
is now only at a few hundred meters depth or even at the surface. 
 Burial/inversion scenario 1 generally favors gas sorption in comparison to scenario 2. 
Due to deeper burial and lower temperature gradients, higher amounts of gas are 
expected.  
 For the Posidonia Shale in the Lower Saxony Basin bulk adsorption capacities (note 
that bulk adsorption capacities are given for the total layer thickness within a grid cell 
size of 1 km2) of about 0.16*106 tons and gas contents of up to 82 scf/ton rock have 
been predicted. The capacities at the northern and eastern boundaries of the Lower 
Saxony Basin, Pompeckj Basin and Gifhorn Trough range around 0.3*106 tons. In the 
West Netherlands Basin, capacities range between 0.14-0.31*106 tons. In the 
southern area of the Gifhorn Trough and southwestern flank of the West Netherlands 
Basin average gas contents of up to 95 scf/ton rock have been predicted.  
 Bulk adsorption capacity of the Wealden is highest in areas with increased layer 
thickness and ranges up to 2.34*10
6
 tons in the Ems river area and 3.45*10
6
 tons in 
the Hunte river area. Gas contents calculated for the Ems river area reach values up to 
26 scf/ton rock and for the Hunte river area up to 45 scf/ton rock. 
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4 Lithological dependency and anisotropy of vitrinite reflectance in 
high rank sedimentary rocks of the Ibbenbüren area, NW-
Germany: Implications for the tectonic and thermal evolution of 
the Lower Saxony Basin 
4.1 Abstract 
Covering a depth interval of 1200 m thirty-one rock samples were collected from a well 
drilled in the Beust Field of the Ibbenbüren anthracite mine, Lower Saxony Basin, NW-
Germany. These rock samples consist of high rank coals/anthracites, claystones, siltstones 
and sandstones of Pennsylvanian age. Analytical methods include the measurement of 
random vitrinite reflectance VRr, rotational reflectance VRrot as well as maximum and 
minimum reflectances VRmax and VRmin, enabling the evaluation of the lithological influence 
on vitrinite reflectance as well as the indication of tectonic stresses in the Lower Saxony 
Basin by applying the RIS (reflectance indicating surface) analysis method. This study shows 
that not only due to the high rank of the studied samples and associated anisotropic 
character but also due to lithological dependency a partially significant scatter of measured 
VRr can be observed. The scatter in coals is significantly less than in other sedimentary rocks, 
e.g., standard deviation in coals can be up to 7x less than in siltstones. The expected 
increase of standard deviation with increasing rank and accordant anisotropy was not 
observed for VRr but rather for VRmax with the exception of coals displaying a relatively 
constant and low deviation throughout the depth/maturity interval. Mean VRr values of 
coals differ from those of other sedimentary rocks at equal depths. VRr measured in 
claystones is consistently higher compared to associated coal seams and can be elevated by 
up to 10%. Silt- and sandstones always display lower VRr with differences of up to 16%.  
At very high levels of thermal maturity, vitrinite reflectance depends not only on maximum 
paleotemperature but also on lithology leading to differences in pressure propagation and 
thus deformation. Additionally, radioactive trace elements in coals and organic matter-rich 
claystones provide a local secondary heat source. 40K and 232Th are preferentially bound to 
clay particles which are enriched in the studied claystones and depleted in the silt- and 
sandstones possibly leading to higher vitrinite reflectance observed in the claystones. 
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RIS analysis shows a predominantly negative biaxial distribution indicating the absence of 
thermal overprinting by a possible intrusion (Bramsche Massif) during the Late Cretaceous 
which would have induced a uniaxial distribution. Instead, this implies, in addition to vertical 
stresses due to depositional loading, the presence of a secondary stress field not 
perpendicular to bedding which is related to the inversion of the Lower Saxony Basin. This 
information presents, in combination with previous basin modeling results, additional 
evidence for deep subsidence with subsequent uplift being the cause for the present-day 
maturity patterns observed in the Lower Saxony Basin. 
4.2 Introduction 
Vitrinite reflectance is one of the most commonly used and most accurate 
paleotemperature parameters to quantitatively assess the thermal maturity of sedimentary 
rocks. In comparison to other optical (e.g., conodont alteration index, apatite fission track, 
spore color index, illite crystallinity index) and geochemical (e.g., methylphenanthrene index 
(MPI), carbon preference index (CPI), Rock Eval-Tmax) maturity parameters, it is a comparably 
fast method with a simple sample preparation (Taylor et al., 1998).  
Amongst the four vitrinite reflectance parameters that can be used as maturity indicators 
(VRr, VRrot, VRmax, VRmin), the random vitrinite reflectance VRr and the maximum vitrinite 
reflectance VRmax are most often applied. The latter is recommended at high levels of 
maturity, when the anisotropic character of vitrinite also increases (e.g., Levine and Davis, 
1984; Bustin et al., 1986; Houseknecht and Weesner, 1997; Littke et al., 2012), and when 
VRr data tend to show a strong scatter. At low to medium maturity, anisotropy is low and 
variability is mainly due to the various origins of vitrinite particles, e.g., autochthonous and 
allochthonous recycled vitrinites (e.g., Houseknecht et al., 1993). At high maturity (>2% VRr), 
the wide variation of VRr data results from the enhanced anisotropy due to condensation 
and ordering of the aromatic layer structure resulting in a constantly increasing difference 
between minimum (VRmin) and maximum vitrinite reflectances (VRmax) (e.g., Béhar and 
Vandenbroucke, 1987; Schenk et al., 1990; Houseknecht and Weesner, 1997). Since both 
approaches can produce different results for the same sample set it is necessary to carefully 
assess when to apply which method.  
Rotational reflectance VRrot (average of all rotational reflectance readings) and anisotropy 
represented by the bireflectance VRbi (=VRmax-VRmin), however, can aid in estimating a 
possible influence by syn- and post-depositional tectonic stresses or thermal peak events 
since vitrinite reflectance is not only controlled by temperature and time but also by stress 
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fields (e.g., Hower and Davis, 1981; Levine and Davis, 1984; Bustin et al., 1986; Langenberg 
and Kalkreuth, 1991; Littke et al., 2012). In order to analyze the stress field influence, 
different interpretation methods have been introduced culminating in the RIS (reflectance 
indicating surface) analysis based on concepts developed in previous studies (e.g., Stone and 
Cook, 1979; Hower and Davis, 1981; Ting, 1978, 1981, 1991; Levine and Davis, 1984, 
1989a,b; Teichmüller, 1987; Kilby, 1986, 1988, 1991; Kelker and Langenberg, 1997; Duber et 
al., 2000). 
An additional factor affecting vitrinite reflectance is the lithological composition of the 
enclosing strata. The reflectance of dispersed vitrinite phytoclasts in clay-, silt- and 
sandstones as well as associated coal seams can differ significantly. Possible reasons are the 
difference in primary precursor plant material, different alteration during transport and 
deposition, different gelification or biochemical coalification during early diagenesis related 
to differences in associated minerals and microbial activity, differences in deformation 
between cleavage and microlithon zones and porosity-dependent thermal conductivity (e.g., 
Timofeev and Bogolyubova, 1970; Bostick, 1971; Bostick and Foster, 1975; Scheidt and 
Littke, 1989; Taylor et al., 1998; Passchier and Trouw, 2005; Littke et al., 2012; Bruns et al., 
2013). 
The area of the Ibbenbüren anthracite mine represents an ideal opportunity to study 
lithological influence on vitrinite reflectance due to the interbedded cyclical organization of 
coal seams and associated clay-, silt- and sandstone strata. These different strata reoccur 
with sufficient proximity to each other to allow a systematic reflectance comparison. 
Additionally, the thermal development in this study area (Lower Saxony Basin) is still a 
controversial matter and subject to two different hypotheses: maturities may have 
developed in response to a deep-seated mafic intrusion, the so-called Bramsche Massif, 
having ascended during the Late Cretaceous (e.g., Bartenstein et al., 1971; Teichmuller et 
al., 1979, 1984) to present-day depths of 6 km (Brockamp, 1967; Stadler and Teichmuller, 
1971; Bilgili et al., 2009) or due to deep burial until the Late Cretaceous followed by uplift 
and erosion (Senglaub et al., 2005, 2006; Adriasola Muñoz et al., 2007; Brink, 2013; Bruns et 
al., 2013). The application of the RIS analysis method can aid in assessing whether the 
maturation had solely been driven by vertical stresses due to depositional loading in 
combination with maximum temperatures or whether additional stress fields were involved 
based on the transpressional tectonic regime leading to the inversion of the Lower Saxony 
Basin and according uplift of the basin infill.  
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4.3 Geodynamic and Stratigraphic Setting 
The study area of the Ibbenbüren horst is located at the southwestern border of the Lower 
Saxony Basin, NW-Germany, in direct vicinity to the Osning lineament separating the Lower 
Saxony Basin in the north from the Münsterland Basin in the south (Fig. 4.1). The Osning 
lineament belongs to a distinctive fault system in the Lower Saxony Basin reflecting its 
tectonic evolution during which former normal faults have been converted into thrust faults 
during the Late Cretaceous (e.g., Kockel, 2003; Voigt et al., 2008; Kley et al., 2008). The 
Ibbenbüren horst is completely surrounded by a ring of thrust faults structurally separating 
it from its surroundings with offsets of up to 2000 m. It presents one of the few areas in the 
Lower Saxony Basin where formerly deeply buried Carboniferous layers have been uplifted 
and are nowadays situated at shallow depths or are even exposed at the surface. Two major 
phases of compression, uplift and erosion affected the Lower Saxony Basin: the Variscan 
orogeny due to amalgamation of Pangaea during the Late Carboniferous (Pennsylvanian) 
and the Late Cretaceous (Subhercynian) inversion possibly induced by the collision of 
Europe and Africa (Kley and Voigt, 2008; Voigt et al., 2008; Doornenbal and Stevenson, 
2010). 
 
Fig. 4.1: Geographic map of NW-Germany showing inverted basin systems and 
basement uplifts (A). Detailed overview of the Ibbenbüren horst (B). Modified from 
Voigt et al. (2008) and Müllensiefen (1971). 
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The convergence of Gondwana and Laurussia resulted in full-scale Himalayan-type collision 
forming the Variscan orogeny (Franke, 2000). Wrench tectonics created several structural 
features and induced erosion of Upper Carboniferous deposits in different areas partly 
eroding Westphalian C-D deposits. The Westphalian (Pennsylvanian) is characterized by 
thick cyclical layers of coal, clay-, silt-, and sandstones deposited in a deltaic and fluvial 
environment on a coastal plain and in a tropical climate. Numerous coal seams as well as 
large amounts of dispersed organic matter are distinctive for Westphalian deposits (Scheidt 
and Littke, 1989). Uplift was most dominant in the Münsterland Basin and eastern Lower 
Saxony Basin (Bruns et al., 2013) and is indicated by i.a. Stephanian sandstone and siltstone 
strata unconformably overlying older Paleozoic units. 
The foreland basin which developed in front of the Variscan mountain range strikes SW–NE, 
whereas the developing Central European Basin System (CEBS) to which the Lower Saxony 
Basin belongs displays a NW–SE oriented strike. Obviously, the difference in basin strike 
resulted from changes in the stress regime during the Late Carboniferous to Early Permian. 
In addition, at this time, metamorphic alterations of the lower crust were triggered leading 
to increased rock densities and reduced rock volumes (Brink, 2005 a,b). Thus, subsidence 
during the Permian was mainly influenced by thermal relaxation of the lithosphere and 
sedimentary loading (Ziegler, 1990; Scheck and Bayer, 1999; van Wees et al., 2000). At the 
northeastern border of the Lower Saxony Basin thick volcanic rhyolites and ignimbrite series 
at the base of the Lower Permian (Rotliegend) additionally reveal partial crustal melting 
(Breitkreuz et al., 2008) and the influence by a possible Permian pluton especially in the 
eastern CEBS. The Upper Permian Zechstein is essentially characterized by epicontinental 
marine chemical sediments mainly composed of cyclical sequences of carbonate, anhydrite 
and salt (Warren, 2008). Triassic layer thicknesses within the CEBS have been influenced by 
the onset of halokinetic movement and diapirism, which was more pronounced in the area 
of the Pompeckj Block than in the Lower Saxony Basin. During this time, the CEBS was 
additionally influenced by extensional tectonics resulting in the evolution of sub-basins. 
Upper Triassic deposits in NW-Germany, however, indicate quite homogeneous sediment 
thicknesses in the areas of the Pompeckj Block and Lower Saxony Basin. Basin 
differentiation in that area rather seems to have started later due to rifting related to the 
Mesozoic breakup of Pangaea and opening of the Atlantic. This induced transtensional 
development of sub-basins including e.g., the Lower Saxony Basin during the Middle Jurassic 
to Early Cretaceous (Upper Kimmerian) rifting. Simultaneously, adjacent platforms were 
uplifted and deeply truncated resulting in the widely recognized Upper Kimmerian 
Unconformity (Lower Cretaceous). This uplift affected e.g., the Pompeckj Block and 
Münsterland Basin. During the Late Cretaceous to Paleocene the conversion of Africa and 
4 Lithological dependency and anisotropy of vitrinite reflectance 114 
 
Europe, closing the Tethys system of oceanic basins, induced the gradual development of 
the Alpine orogeny. Different hypotheses on the relation of the Upper Cretaceous 
Subhercynian and Laramide compressional/transpressional inversion of Mesozoic 
extensional/transtensional basins (e.g., Lower Saxony Basin) to this collision exist. Some 
authors interpret this as a direct result of the Alpine-Carpathian Orogeny in a classical 
orogenic foreland collision model (e.g., Ziegler et al., 1995; Marotta et al., 2001; Krzywiec, 
2006). Recent plate tectonic reconstruction (Stampfli and Borel, 2004) indicates that it only 
reflects the onset of the Africa-Iberia-Europe convergence since the Alpine collision with 
southern Europe did not commence until Paleocene or Eocene times. Instead, basin 
inversion during the Cretaceous was caused by the West-Central Europe’s thin lithosphere 
being pinched between the East European Platform and Africa (Kley and Voigt, 2008; 
Doornenbal and Stevenson, 2010). 
4.4 Methods 
Thirty-one samples were collected from a well drilled in the Beust Field of the Ibbenbüren 
anthracite mine. These rock samples were cored at depths ranging from 400 to 1600 m and 
consist of coals, claystones, siltstones and sandstones gathered from the cyclic sections of 
the well. Samples were chosen so that from each depth interval one sample from every 
lithology was available. All samples but one contained enough vitrinite phytoclasts so that 
random reflectance as well as rotational reflectance measurements could be performed on 
approx. 100 particles per sample in order to achieve statistically significant and 
representative results. 
4.4.1 Sample Preparation 
Analytical methods in organic petrography generally follow the guidelines defined in the 
International Organization for Standardization reports ISO 7404-2, ISO 7404-3, ISO 7404-5, 
DIN 22020 series and e.g., in Taylor et al. (1998). In-house execution of the sample 
preparation and reflectance measurements, however, may vary in some details. Polished 
sections with a size of approx. 1–6 cm² have been prepared from the core material. The rock 
samples were embedded perpendicular to bedding in a mixture of epoxy resin (Araldite® 
XW396) and hardener (Araldite® XW397) at a ratio of 10:3 and hardened at 37°C for approx. 
12 h. Sample grinding and polishing have been performed using an automated Struers Tegra 
Pol 21 polishing system with a Tegra Force 5 head. In a multi-staged process under wet 
conditions the samples were sequentially ground and polished. Different polish plates were 
used for coals and other sedimentary rocks. In the first grinding stages a Diamante MD 
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Piano 220 plate (Struers GmbH) at 300 rpm and 20 N contact pressure and afterwards a SiC 
paper 1200 (MD Piano 1200 for coals, grain size 15 μm, Struers GmbH) plate at 300 rpm and 
10 N contact pressure have been used to reduce the surface roughness down to approx. 
10 µm with water as lubricant. After each grinding stage, the samples were water-washed to 
remove debris. In order to obtain a clean, uniformly flat and scratch-free surface with an 
even more reduced surface roughness below 1 µm, three polishing steps with napped cloths 
were performed. First and second stages involved MD Pan (Struers GmbH) and MD Dac (MD 
MOL for coals, Struers GmbH) at 150 rpm and 20 N contact pressure. Final polishing was 
carried out with Billard OP-U (Buehler; MD CHEM for coals, Struers GmbH) at 150 rpm and 
15 N contact pressure with water and liquid suspensions of decreasing grain size as lubricant 
used in the following sequence: 9 µm (DP-Plan-9), 1 µm (DP-Nap-B1) and 0.5 µm (Feinpol 
OP-U) (Struers GmbH). Each step lasted 2-4 min, depending on the kind of rock, but should 
be kept to a minimum to avoid the development of a relief. After each polishing step the 
samples were washed with water to remove debris. Finally, the samples were compressed-
air dried to prevent swelling, hand-buffed to remove fine smears and checked under a 
microscope for polishing quality and sample surface relief. 
4.4.2 Reflectance Measurement 
Vitrinite reflectance analysis was performed using a Zeiss Axio Imager.M2m microscope for 
incident light equipped with Zeiss VIS-LED illumination and a Basler Scout camera system. 
Measurements were carried out at 500x magnification using a 50x/1.0 Epiplan-NEOFLUAR 
oil immersion objective with Zeiss immersion oil (ne=1.518; 23°C) as interspace medium 
between the sample and objective. Using oil as interspace medium increases the visible 
contrast and significantly aids in distinguishing the different rock compounds and especially 
macerals. Optical calibration was performed with a gadolinium-gallium-garnet (GGG; 1.714% 
reflectance) mineral standard (Klein and Becker). Calibration was controlled after each 
sample and repeated if necessary. Data and image processing was carried out using the 
DISKUS Fossil software suite (Technisches Büro Carl H. Hilgers). 
Random vitrinite reflectance (VRr) was measured with non-polarized light and at random 
particle orientations. Rotational reflectance (VRrot, VRmax, VRmin) was measured with 
polarized light using a motorized polarization filter allowing to set the polarization angle in 
10° steps within an angle interval of 180°. Both procedures were performed on approx. 100 
particles per sample with a discard of up to 5% due to failed measurements (shifting reading 
point coordinates or light intensity overflow during rotational reflectance measurements). It 
should be noted that ISO 7404-5 states that maximum reflectance should be measured by 
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microscope stage rotation under polarized light at a polarization angle of 0° or 45° 
depending on the vertical illuminator (glass plate, Smith illuminator, Berek prism). This, 
however, requires a perfect arrangement of the microscope light path and stage which is 
very difficult to achieve and needs to be corrected regularly. This causes additional 
measurement errors which were eliminated by using a fixed stage and rotating polarized 
light. Hereby, the reflectance measurement at according polarization angles is always taken 
at the same exact position which is utterly important. Additionally, it does not make a 
difference for the actual reflectance measurement whether the particle is rotated through a 
polarized light plane or whether the light plane is rotated over the particle. Ideally, 
rotational reflectance measurements should be performed by a full rotation of 360°. In 
order to measure VRmax and VRmin the polarization plane, independent from the particle 
orientation, needs to be parallel to the accordant VRmax and VRmin reflectance axes of the 
particle. A rotation of 180° is therefore enough to cut across these reflectance axes. 
Measurements of a full circulation (360°) yield in each case two readings for maximum and 
minimum reflectances. Additional systematic comparison has shown that these maxima and 
minima exhibit almost no difference to each other and that it is sufficient to perform 
measurements in a 180° rotation interval. 
Every microscopic apparatus exhibits partial polarization even when using non-polarized 
light. This is due to refracting and reflecting interfaces (e.g., vertical illuminator, prism, 
objective) between the light source and the photomultiplier/camera (Stach, 1949). This 
polarization is unique for every instrument configuration producing rotational polarity 
distortions in the measurement readings even for isotropic substances (e.g., the mineral 
standards used for optical calibration) whose reflectance should ideally be constant at every 
polarization angle (Houseknecht and Weesner, 1997). This was accounted for by measuring 
rotational reflectance of the isotropic mineral calibration standard and calculating a 
correction factor array for the whole polarization interval of 180°. These correction factors 
were then applied to all following rotational reflectance readings. 
4.5 Results and Discussion 
4.5.1 Lithostratigraphy and Depositional Environments  
The studied core includes four Pennsylvanian units (Westphalian B1, B2, C1, C2; from old to 
young). The strata exhibit predominantly flat bedding with a slight dip (Fig. 4.1) in northern 
direction and interbedded cyclic organization of coal seams and associated clay-, silt- and 
sandstone layers. Neither significant cleavage nor internal overthrusts are present. The 
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studied lithological properties of the samples correspond to observations and descriptions 
of Pennsylvanian coals and coal-bearing strata from previous studies. Whereas the 
Westphalian B1-B2 is dominated by clay- and siltstones the lithological ratio shifts to 
sandstone as the main component in the Westphalian C1-C2. The general depositional 
environment evolved from a delta front (Westphalian B1) through a lower (Westphalian B1-
B2) and upper delta plain (Westphalian B2-C1) to an alluvial plain and incised valley 
(Westphalian C2) (Geologischer Dienst NRW, 2003). Palynofacies and petrology of the coals 
indicate a transition from lagoonal conditions and coastal marsh (Westphalian B1-B2) with 
abundant development of raised bogs (Littke and ten Haven, 1989; Jasper et al., 2010) 
through swampy (Westphalian C1) to oxbow lake-like environments (Westphalian C2) with 
increased average ash content (Littke, 1987). Sandstones have been deposited as mouth to 
distal bars and delta front (Westphalian B1), distributary channels and crevasse splays 
(Westphalian B1-B2), single storey fluvial point bars (Westphalian B2-C1) and amalgamated 
fluvial point bars (Westphalian C2). The depositional environment of the clay- and siltstones 
shifted accordingly from prodeltaic through lagoonal to floodplain conditions (Geologischer 
Dienst NRW, 2003). 
4.5.2 Lithological Influence 
The influence on vitrinite reflectance by the lithological composition has been assessed by 
measuring the random (Fig. 4.2) and rotational vitrinite reflectance of dispersed vitrinite 
phytoclasts in claystones (<2 µm grain size), siltstones (2-62 µm), sandstones (0.0625-2 mm) 
and coal seams (Tab. 1). These different strata occur in an interbedded cyclic organization 
with a sufficient proximity to each other to allow a systematic reflectance comparison. 
Average vertical distance between the samples is 14.4 m, but most samples were taken in 
proximities of a few meters and maximum distances do not exceed 60 m (Tab. 4.2). 
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Fig. 4.2: Depth-VRr correlation plot of clay-, silt- and sandstones as well as 
associated coal seams. 
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Tab. 4.1: Studied sample set with depth information, lithology and reflectance 
readings. 
Sample No. Depth [m] Lithology VRr [%] s [VRr] VRrot [%] VRbi [%] VRmax [%] s [VRmax] VRmin [%] s [VRmin]
1 485 Claystone 2.56 0.254 2.53 1.44 3.13 0.169 1.69 0.241
2 493.5 Sandstone 2.32 0.257 2.36 1.48 2.89 0.144 1.41 0.183
3 545 Coal 2.32 0.045 2.39 1.47 3.06 0.061 1.59 0.092
4 659 Coal 2.67 0.173 2.69 1.03 3.14 0.122 2.11 0.160
5 661 Siltstone 2.38 0.313 2.45 1.30 3.42 0.317 2.12 0.260
6 662 Sandstone 2.45 0.151 2.48 2.00 3.15 0.120 1.14 0.280
7 725 Coal 2.91 0.119 2.86 2.10 3.81 0.142 1.72 0.224
8 730 Siltstone 2.45 0.319 2.51 1.63 3.62 0.318 1.99 0.380
9 749 Sandstone 2.68 0.214 2.62 1.34 3.29 0.267 1.95 0.245
10 884 Claystone 2.93 0.277 2.88 2.29 3.80 0.224 1.51 0.406
11 885 Coal 2.73 0.099 2.72 1.80 3.55 0.113 1.75 0.114
12 890 Sandstone n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
13 1019 Coal 2.88 0.064 2.78 1.81 3.64 0.076 1.83 0.102
14 1020 Siltstone 2.70 0.366 2.65 2.45 3.58 0.268 1.13 0.487
15 1033 Sandstone 2.63 0.266 2.69 2.49 3.84 0.247 1.35 0.413
16 1142 Siltstone 3.07 0.154 2.98 3.38 4.42 0.305 1.05 0.464
17 1146 Coal 3.15 0.073 3.10 2.19 4.13 0.089 1.93 0.134
18 1147 Claystone 3.16 0.170 3.44 1.51 4.17 0.267 2.65 0.309
19 1251 Sandstone 2.95 0.177 2.94 4.17 4.96 0.427 0.79 0.469
20 1260 Coal 3.21 0.074 3.18 3.34 4.80 0.271 1.46 0.411
21 1261 Siltstone 2.91 0.148 2.88 3.11 4.38 0.287 1.27 0.422
22 1350 Sandstone 3.24 0.161 3.17 3.68 4.83 0.221 1.15 0.285
23 1353 Coal 3.36 0.048 3.27 2.28 4.50 0.063 2.21 0.076
24 1357 Claystone 3.55 0.312 3.69 2.50 4.92 0.360 2.42 0.447
25 1403 Siltstone 3.33 0.356 3.46 3.51 5.28 0.332 1.77 0.421
26 1430 Coal 3.51 0.062 3.58 2.60 4.77 0.072 2.18 0.098
27 1436 Claystone 3.62 0.103 3.82 3.19 5.02 0.306 1.83 0.611
28 1473 Sandstone 3.32 0.158 3.37 3.91 5.24 0.372 1.33 0.511
29 1484 Claystone 3.87 0.230 3.91 3.63 5.60 0.389 1.97 0.453
30 1598 Siltstone 3.86 0.218 3.89 2.95 5.26 0.425 2.31 0.466
31 1604 Claystone 3.88 0.237 3.89 3.02 5.32 0.429 2.29 0.462  
 
Tab. 4.2: Depth correlation of samples used for the assessment of the lithological 
influence on vitrinite reflectance. 
Depth Coal [m] Depth Sandstone [m] Depth Claystone [m] Depth Siltstone [m]
545 493.5 485
659 662 661
725 749 730
884 885
1019 1033 1020
1146 1147 1142
1260 1251 1261
1353 1350 1357
1430 1473 1436 + 1484 1403
VRr Coal [%] VRr Sandstone [%] VRr Claystone [%] VRr Siltstone [%]
2.32 2.32 2.56
2.67 2.45 2.38
2.91 2.68 2.45
2.73 2.93
2.88 2.63 2.70
3.15 3.16 3.07
3.21 2.95 2.91
3.36 3.24 3.55
3.51 3.32 3.62 3.33  
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The VRr data scatter of coals, despite the general strong anisotropic character of the sample 
set, is very low compared to the other sedimentary rocks (Fig. 4.3). Whereas the mean 
deviation of coal readings does not exceed 0.08, clay-, silt- and sandstones exhibit a 2.4-3.2x 
higher mean deviation. Standard deviations for siltstones are up to 7x greater than those of 
coal seams at similar depths (Fig. 4.3). Sandstones exhibit an intermediate deviation slightly 
lower than for clay- and siltstones which might be due to the presence of comparably large 
vitrinite phytoclasts on which measurements were performed. This shows that observed 
scatter of readings increases with decreasing particle size and/or certain particle shape 
(elongation) (see also Fig. 4.10).  
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Fig. 4.3: Mean values (top) and standard deviation (bottom) of VRr measurements 
in relation to the sample lithology. 
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The expected increase of VRr standard deviation with increasing maturity and accordant 
anisotropy was not observed. This trend could rather be shown for VRmax readings with the 
exception of coals, displaying a relatively constant and comparably low deviation for both 
VRr and VRmax throughout the maturity interval (Fig. 4.3, Fig. 4.4). The differences between 
coal and clastic sedimentary rocks with respect to stress/strain dependent VRmax as well as the 
scatter of VRr readings indicate different lithology-dependent degrees of kinematic strain and 
phytoclast deformation. Greater strain will lead to higher VRmax values and increased biaxial 
character of vitrinites. Larger, less deformed phytoclasts as present in coals exhibit lower VRr 
standard deviations as well as lower VRmax and accordingly lower VRbi values than smaller and most 
often deformed and elongated phytoclasts as present in claystones (see also Fig. 4.8, Fig. 4.9, Fig. 
4.10). Data scatter of VRr is influenced by the degree of VRbi which in turn at this maturity stage is 
controlled by VRmax since VRmin is rather constant within the maturity interval (see also Fig. 4.8). 
VRmax is proportional to attained strain and respective phytoclast deformation and varies depending 
on the reflectance axis or particle orientation, respectively. This ultimately leads to the observed 
data scatter of VRr readings depending on the lithology. 
 
Fig. 4.4: Standard deviation of VRmax readings in relation to the lithology. 
Systematic comparison of random reflectance in coals versus other lithotypes showed clear 
trends. Mean VRr values of coals differ from those of other sedimentary rocks at similar 
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depths. VRr measured in claystones is constantly higher compared to associated coal seams 
and can be elevated by up to 10% (mean value 6%). Silt- and sandstones always display 
lower VRr with differences of up to 16% (mean value 7%; Fig. 4.5).  
Possible reasons for the observed reflectance differences related to the lithology of the 
enclosing strata include differences in primary precursor plant material, different alteration 
during transport and deposition, different gelification or biochemical coalification during 
early diagenesis which in turn might be related to differences in associated minerals and 
microbial activity, differences in deformation between cleavage and microlithon zones at 
high levels of maturation and differences in porosity-dependent thermal conductivity (e.g., 
Timofeev and Bogolyubova, 1970; Bostick, 1971; Bostick and Foster, 1975; Scheidt and 
Littke, 1989; Taylor et al., 1998; Passchier and Trouw, 2005; Littke et al., 2012; Bruns et al., 
2013). 
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Fig. 4.5: VRr values in clay-, silt- and sandstones compared to VRr measured in 
associated coal seams at similar depths. 
Another possibility might be the occurrence of radioactive trace elements delivering an 
additional heat source. 238U and 235U are preferentially bound to organic matter but more 
importantly 40K and 232Th are preferentially bound to clay particles/minerals (Adams and 
Weaver, 1958; Fried and Broeshart, 1967; Schmoker, 1981). These clay particles are 
enriched in the studied claystones (e.g., Conze, 1984; Littke, 1987; Jasper et al., 2009) and 
depleted in the silt- and sandstones and might be an additional reason for the elevated 
reflectance observed in the claystones (Fig. 4.5). 
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As previously indicated, the most significant of the above parameters is probably the 
differential tectonic stress deforming the enclosed vitrinite phytoclasts which depends on 
the grain structure of the enclosing strata. Coarse grained lithologies such as sandstone 
would counteract phytoclast deformation (e.g., by depositional loading or cleavage) through 
the self-supporting grain contact. Vice versa, fine grained rocks such as claystones are more 
likely to allow pressure propagation and correspondent deformation. With increasing stress 
and accordant particle deformation, VRmax also increases, hereby taking influence on the 
measured VRr, resulting in an overall higher mean reflectance.  
4.5.3 Rotational Reflectance and Data Consistency 
Previous studies suggested that VRrot is more precise than VRr (e.g., Houseknecht and 
Weesner, 1997) at high levels of maturity, but despite the difference in the utilization of 
polarized and non-polarized light, mean VRrot and mean VRr should in fact be equal. 
Comparison of mean random reflectance VRr and mean rotational reflectance VRrot shows a 
good correlation confirming the validity of vitrinite populations measured by VRr. The 
consistency also implies the absence of major quantities of recycled vitrinite from older 
stratigraphic units of higher maturity within the population of vitrinites used for 
measurements (Fig. 4.6).  
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Fig. 4.6: Comparison of mean random reflectance VRr and mean rotational 
reflectance VRrot. 
In the Carboniferous of NW-Germany, vitrinite reflectance increases with stratigraphic age 
and depth (Teichmüller et al., 1979). Whereas most of the Pennsylvanian coals are at the 
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bituminous coal stage, anthracite rank is reached in the Ibbenbüren area (Teichmüller and 
Teichmüller, 1985). There, VRr values range from 1.7 to more than 4 %VRr. In the studied 
Beust Field maturity values seem to follow the trend of the Ost Field (eastern field; Fig. 4.7). 
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Fig. 4.7: VRr versus depth for the studied Beust Field in comparison to the 
neighboring West (western) and Ost (eastern) fields (see Fig. 4.1; from VIDABA 
(vitrinite data base of BGR, Hannover)). 
The difference between VRmax and VRmin becomes most pronounced at the early meta-
anthracitic stage where a turning point concerning the VRmin trend can be observed. From 
this stage onwards the anisotropy and respective bireflectance do not only increase due to 
increasing VRmax but also due to decreasing VRmin (Taylor et al., 1998). VRmin values of the 
data set are on first sight rather invariant suggesting that this turning point at the transition 
from increasing to decreasing VRmin versus depth has just been reached (Fig. 4.8).  
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Fig. 4.8: VRmax and VRmin versus depth for the different lithologies. 
The anisotropy as represented by VRbi increases with depth. The increase of VRbi is mainly 
caused by increasing VRmax. Differences in maximum and average VRbi are due to the 
incorporation of particle groups with different orientation and elongation and thus, 
different degrees of bireflectance, into the calculation of the average VRbi (Fig. 4.9). It 
should therefore be noted that the sample specific bireflectance should consider both the 
maximum VRbi and the average VRbi in order to take into account the maximum VRmax and 
minimum VRmin for the calculation of VRbi.   
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Fig. 4.9: Maximum (top) and average bireflectance (bottom) versus depth for the 
different lithologies. 
Comparably thin vitrinite bands exhibit higher VRbi values than larger but isolated particles 
(Fig. 4.10). These isolated particles, however, show higher VRrot values. These characteristics 
can either be due to particle orientation and/or due to differences in deformation. Although 
possible tangential kinematic stress was not strong enough to cause frictional heating the 
increase of vitrinite anisotropy especially in thin deformed vitrinite bands must be caused by 
increased VRmax. In accordance with former studies (e.g., Suchy et al., 1997) this highlights 
the fact that VRmax is both stress- and temperature sensitive at this maturity stage. Thus, it 
cannot be easily converted into the maximum temperature the organic matter experienced 
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but instead can be used as stress indicator. Increasing temperature accelerates chemical 
reactions during maturation, hence, controls the degree of aromatization. This 
aromatization in turn controls the refractive and adsorptive indices which the reflectance 
depends upon. Pressure rather promotes physico-structural coalification affecting optical 
properties of vitrinite by enforcing the alignment of the sheet-like aromatic lamellae 
perpendicular to the principal maximum stress direction (Taylor et al., 1998). In unfolded 
highly mature units with flat or sub-parallel bedding these organic molecules tend to 
polymerize parallel to bedding in the direction of minimum stress and stack in the direction 
of maximum compression in response to the overburden pressure, thereby exhibiting a 
uniaxial negative anisotropic character (e.g., Kilby, 1988, 1991; Taylor et al., 1998). Here, the 
VRmax reflectance axis is perpendicular to the direction of maximum compression, thus, 
parallel to bedding and can be measured in each cutting plane or particle orientation, 
respectively. The alignment of the aromatic units and respective uniaxial negative 
anisotropy can be distorted by tangential tectonic stress leading to biaxial anisotropy (e.g., 
Houseknecht and Weesner, 1997). Although the different apparent reflectance parameters 
VRmax and VRmin can be measured on each section of a sample or particle (e.g., bedding, face 
cleat, butt cleat), the real values of these parameters can only be determined on one or two 
of these sections or particle orientations, respectively. Thus, it is not only essential to rotate 
the stage or the polarized light plane in order to align the light plane with the respective 
reflectance axes of the particle and by this measure the real reflectance values of VRmin and 
VRmax but also to perform the measurements on oriented samples. This was realized by 
sampling from horizontally bedded strata as well as cutting and embedding the samples 
perpendicular to bedding since the real VRmin, in uniaxially as well as biaxially negative 
anisotropic samples, can only be measured at a particle orientation normal to bedding 
(Taylor et al., 1998). Since in uniaxial units, every cutting plane exhibits the real VRmax, this 
fact should be represented by a standard deviation of VRmax readings which is much smaller 
than for VRr since it should theoretically show the same value on every cutting plane. This 
difference in standard deviation could not be observed for this sample set (compare Fig. 4.3 
and Fig. 4.4). Instead, the standard deviation of VRmax readings is at least of similar 
magnitude if not larger than the deviation of VRr readings, already indicating a biaxially 
anisotropic character and tangential tectonic stress during burial. Accordingly, VRmax exhibits 
different values depending on the cutting plane and particle orientation. 
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Fig. 4.10: Thin elongated and larger isolated vitrinite particles (left) and plot of 
rotational reflectance readings (right). Plot indicates two vitrinite groups with 
different bireflectance properties. Low bireflectance VRbi but higher VRrot are 
representative of larger isolated vitrinite particles, whereas high VRbi but lower VRrot 
are representative of thin vitrinite bands. 
In order to further analyze the stress field influence, the RIS (reflectance indicating surface) 
or VRI (vitrinite reflectance indicatrix) analysis, based on concepts advanced in previous 
studies (e.g., Stone and Cook, 1979; Hower and Davis, 1981; Ting, 1978, 1981, 1991; Levine 
and Davis, 1984, 1989a,b; Teichmüller, 1987; Kilby, 1986, 1988, 1991; Kelker and 
Langenberg, 1997; Duber et al., 2000), provides an additional tool. In the context of 
geodynamic evolution it can help in constraining the timing between thermal peak events 
and tectonic stresses. The shape of the reflectance indicatrix is defined by three principal 
axes (VRmax, VRmin, VRint) and is indicative for the anisotropic character of vitrinite 
reflectance. 
In order to assess the specific anisotropic character of each sample and also of the whole 
stratigraphic column, reflectance crossplots based on approaches developed by Kilby (1988) 
in combination with an axial ratio diagram based on Levine and Davis (1989a) have been 
used. For each sample, rotational reflectance readings were taken for approx. 100 particles. 
Obtained VRmax and VRmin values were plotted versus VRbi for each reading, resulting in 
chevron-shaped distribution plots (Fig. 4.11). In these plots the distribution of VRmax and 
VRmin readings, as projected onto the horizontal axis, overlaps roughly at VRint.  
4 Lithological dependency and anisotropy of vitrinite reflectance 129 
 
Claystone Sandstone Coal Siltstone
0
0.5
1
1.5
0 1 2 3 4
1
Rmax Rmin
0
0.5
1
1.5
2
2.5
0 1 2 3 4
10
0
0.2
0.4
0.6
0.8
1
0 1 2 3 4 5
18
0
0.5
1
1.5
2
2 3 4 5 6
24
0
1
2
3
4
2 3 4 5 6
27
0
1
2
3
2 3 4 5 6
29
0
1
2
3
4
2 3 4 5 6
31
0
0.5
1
1.5
2
0 1 2 3 4
2
0
0.5
1
1.5
2
2.5
0 1 2 3 4
6
0
0.5
1
1.5
0 1 2 3 4
9
0
0.5
1
1.5
2
2.5
0 1 2 3 4 5
15
0
1
2
3
4
5
0 2 4 6
19
0
1
2
3
4
0 2 4 6
22
0
0.5
1
1.5
0 1 2 3 4
3
0
0.2
0.4
0.6
0.8
0 1 2 3 4
4
0
0.5
1
1.5
2
0 1 2 3 4 5
7
0
0.5
1
1.5
2
0 1 2 3 4
11
0
0.5
1
1.5
2
0 1 2 3 4
13
0
0.5
1
1.5
2
2.5
0 1 2 3 4 5
17
0
1
2
3
4
0 2 4 6
20
0
0.5
1
1.5
2
2.5
2 3 4 5
23
0
1
2
3
2 3 4 5
26
0
1
2
3
4
2 3 4 5 6
28
0
0.5
1
1.5
2
0 1 2 3 4
5
0
0.5
1
1.5
2
0 1 2 3 4
8
0
1
2
3
0 1 2 3 4
14
0
1
2
3
4
0 2 4 6
16
0
1
2
3
4
0 2 4 6
21
0
1
2
3
2 3 4 5 6
25
0
1
2
3
4
2 3 4 5 6
30
 
Fig. 4.11: RIS plots of VRmax and VRmin (abscissa) versus VRbi (ordinate). The different 
lithologies are separated into columns. The serial diagram alignment represents 
depths of similar magnitude. 
Although it is stated that this value needs to be selected by “eye” to best-fit the two-
dimensional point distribution (Kilby, 1988; Levine and Davis, 1989a) VRint can usually be 
calculated as the arithmetic mean of all VRmax and VRmin readings but should not be taken 
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for granted and needs additional control. These reflectance crossplots can depict the 
specific anisotropy of each sample. Whereas data patterns of VRmax vs. VRbi and VRmin vs. 
VRbi with a narrow linear distribution indicate a uniaxial character, wide distributions hint 
towards biaxiality of the anisotropy. Results illustrate a transitional anisotropic character 
with a nevertheless clear trend towards biaxial distributions. Remarkably, coals exhibit a 
rather uniaxial distribution whereas the other sedimentary rocks mainly show a biaxial 
distribution (see Fig. 4.11). This fact is regarded as an additional indication for differential 
pressure propagation depending on the lithology of the specific rock type. 
In order to categorize all samples within one plot and to obtain a more conclusive result 
regarding the anisotropic character of vitrinite particles for the entire sedimentary 
sequence, the ratios VRmax/VRint (=a) as the ordinate and VRint/VRmin (=b) as the abscissa 
were plotted. The usability of such an axial ratio diagram (Levine and Davis, 1989a) becomes 
clear when the possible range of vitrinite indicatrix shapes is considered. For uniaxial 
negative anisotropy, VRmax and VRint are equal and a=1. This discus-shaped VRI plots along 
the abscissa. The opposite extreme is a cigar-shaped uniaxial positive VRI plotting along the 
ordinate wherein VRint and VRmin are equal and b=1. Intermediate shapes plot in between 
with a differentiating line (slope=1) separating the biaxial positive field (wherein VRint is 
closer in magnitude to VRmin than VRmax) from the biaxial negative field (wherein VRint is 
closer in magnitude to VRmax than VRmin). The slope of a straight line connecting any point in 
the diagram with the origin (1,1) is defined by k=(a-1)/(b-1). Values of k between 0 and 1 
represent uni- or biaxial negative anisotropy; values above 1 correspond to uni- or biaxial 
positive anisotropy (Levine and Davis, 1989a). Fig. 4.12 illustrates the anisotropic character 
of the sample set. An average value of k=0.46 and the distribution within the lower biaxial 
negative field strengthen the indication, presented by the reflectance crossplots, that the 
sample set predominantly exhibits a biaxial anisotropic character. 
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Fig. 4.12: Axial ratio plot depicting the biaxial negative anisotropic character of the 
sample set (average k=0.46). 
The regional geologic problem for this area is whether present-day maturities in the 
Ibbenbüren area and the Lower Saxony Basin in general were established through deep 
burial or a plutonic intrusion during the Late Cretaceous. In any case, maximum 
temperatures were reached at about 89 Ma ago (e.g., Petmecky et al., 1999; Bruns et al., 
2013). The analysis of the anisotropic character of vitrinite in the sample set clearly proves a 
biaxial distribution which is representative for a maturation which was not only controlled 
by high temperatures but also by tangential tectonic stresses. Basin modeling results 
presented in e.g., Senglaub et al. (2005, 2006), Adriasola-Muñoz et al. (2007) and Bruns et 
al. (2013) indicated deep burial until uplift of the Lower Saxony Basin in the course of the 
Subhercynian inversion instead of a plutonic intrusion during the Late Cretaceous (Bramsche 
Massif) (e.g., Bartenstein et al., 1971; Teichmuller et al., 1979, 1984) as reason for the high 
maturities. Observed present-day maturity versus depth trends can be reconstructed by 
numerical basin modeling. These models are in better agreement with deep burial at 
moderate heat flow than with shallow burial at high heat flow reflecting an igneous 
intrusion. This conclusion can be supported by the new petrographic observations. The 
observed biaxial distribution of the sample set was probably caused by a tangential pressure 
field during the Subhercynian compressional regime. It was not overprinted by a high 
temperature event (without any significant tangential stress) representative of a Late 
Cretaceous intrusion. Such overprinting should have transformed the biaxial into a uniaxial 
distribution which is not observed in this case. A transformation towards an isotropic 
distribution without any significant bireflectance as described by Kilby (1988) cannot be 
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expected since even e.g., coke which is produced under high temperatures but negligible 
pressures exhibits distinct anisotropic optical attributes. As discussed, a purely uniaxial 
anisotropy cannot be observed for the studied sample set and accordingly for the 
Ibbenbüren area and thus, delivers further support to the adoption of the deep 
burial/inversion scenario.  
It is undisputed that the high maturities in the Mesozoic and Paleozoic rocks of the Lower 
Saxony Basin have been caused by high temperatures affecting the entire sedimentary 
column (Lower Cretaceous and older) over wide areas. Such high temperatures can develop 
due to high heat flows (e.g., in the vicinity of a plutonic intrusion) and/or through deep 
burial. In the case of the Lower Saxony Basin these high maturities, however, can also be 
found near the surface of the basin. The assumed deep-seated pluton, the so-called 
Bramsche Massif, is supposed to have ascended to depths of 6 km (Brockamp, 1967; Stadler 
and Teichmuller, 1971; Bilgili et al., 2009). A thermal alteration of rocks 6 km above the top 
of the intrusion causing such high maturities at the surface is difficult to model, because 
surface-near sediments will have atmospheric (mean annual) temperatures. In addition, 
expected VRr gradients which would suit elevated heat flows caused by an intrusion can 
generally not be observed; most of the available vitrinite datasets of that area and the 
Lower Saxony Basin in general (Bruns et al., 2013) rather match a temperature evolution 
that was caused by deep burial at moderate heat flows.  
Furthermore, seismic velocity logs (John, 1975; Brink, 2002) of strongly compacted strata in 
that area show high velocities indicating similar uplift magnitudes of 6000 m as presented in 
Bruns et al. (2013) based on numerical basin modeling. The observed density and 
gravitational anomaly in the area of the Bramsche Massif must not necessarily be a product 
of a plutonic intrusion (Bilgili et al., 2009) but could also indicate highly compacted strata 
and/or integrated granulitized/eclogitized parts of the lower crust which was uplifted during 
the Late Cretaceous inversion of the Lower Saxony Basin to respective depths where the 
anomaly is located (Brink, 2013). Measurements of the horizontal component of the Earth´s 
magnetic field (Schmidt, 1914) together with refraction seismic studies performed by 
Brockamp (1967) indicated a geophysical anomaly in that area which was initially 
interpreted as an intrusive body (Stadler and Teichmüller, 1971; Bartenstein et al., 1971; 
Stahl, 1971). Analysis of modern magnetotelluric measurements (Hoffmann et al., 2008; 
Brink, 2010, 2012), however, shows that such an intrusive body, which should exhibit low 
electric conductivities and high electric impedance, respectively, does not exist above 15 km 
depth. Finally, there is no evidence of any igneous activity during the compressive phase 
affecting the Lower Saxony Basin during the Late Cretaceous. In contrast, most igneous 
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rocks in the vicinity of that area have been age-dated as Permian which fits well to the 
extensional regime at that time. Possible Permian magmatic activity would have influenced 
the Carboniferous, but not the Mesozoic strata.  
Brink (2013) proposed different alternative scenarios responsible for the observed 
anomalies. The high electric conductivity in close proximity to the seismic refractor and the 
specific seismic velocities of that refractor, formerly interpreted as the top of the intrusion, 
can also hint towards Lower Carboniferous/Upper Devonian shelf carbonates (Hoffmann et 
al., 2008; Doornenbal and Stevensons, 2010) on top of which Upper Carboniferous 
sediments with high organic contents have been deposited. The electric conductivity of this 
carbon-rich unit then increased due to graphitization. Such a carbonate platform, however, 
would probably not be able to cause these gravimetric and magnetic anomalies by itself. 
Therefore, strengthened by modeling studies of Scheibe et al. (2005) and Petrini and 
Podladchikov (2000), Brink (2013) proposed an additional anomaly mass of eclogite 
exhibiting high density and magnetic susceptibility beneath the platform. This could have 
been uplifted as part of the lower crust indicating a participation of the crystalline basement 
in the inversion of the Lower Saxony Basin.  
Of course, a plutonic intrusion/partial crustal melting during the Permian extensional phase 
cannot be ruled out. Vast and thick Permian volcanics can be observed especially north and 
east of the basin (Breitkreuz et al., 2008; Maystrenko et al., 2010). However, these 
magmatic rocks cannot be regarded as prime cause for the high maturities associated with 
all rocks deposited before the Late Cretaceous. Also, high temperatures at the 
Jurassic/Cretaceous boundary during the rifting and initiation of the basin are likely, but fail 
to explain the high maturity of Early Cretaceous deposits. From a geodynamic perspective, 
the Lower Saxony Basin experienced compression/transpression during the Late Cretaceous 
due to the Africa-Iberia-Europe convergence but shallow magmatic reservoirs as well as 
extrusives and rising geothermally heated water are generally more common in extensional 
regimes (Chaussard and Amelung, 2014) making the hypothesis of a plutonic intrusion 
developing during the Late Cretaceous even more improbable.  
4.6 Conclusions 
By assessing the lithological dependency of vitrinite reflectance as a maturity parameter in 
high rank sedimentary rocks as well as utilizing its anisotropic character (at maturity levels 
above 2 %VRr) as stress/strain indicator we were able to contribute to the understanding of 
4 Lithological dependency and anisotropy of vitrinite reflectance 134 
 
burial and temperature history of the Ibbenbüren area at the southern margin of the Lower 
Saxony Basin. 
The lithological properties of the different siliciclastic rocks and coals have an impact on the 
reflectance of vitrinite. In the Ibbenbüren area, VRr in claystones is consistently higher (up to 
10%) and lower (up to 16%) in silt- and sandstones compared to associated coal seams at 
similar depths. 
Possible reasons for the differences in reflectance depending on the lithology stated by 
previous studies comprise: primary precursor plant material, different alteration during 
transport and deposition, different gelification or biochemical coalification during early 
diagenesis related to differences in associated minerals and microbial activity, differences in 
deformation between cleavage and microlithon zones and porosity-dependent thermal 
conductivity. An additional explanation involves the occurrence of radioactive trace 
elements delivering a secondary heat source to the burial temperatures the organic matter 
experiences. 40K and 232Th are preferentially bound to clay particles which are enriched in 
claystones and depleted in the silt- and sandstones possibly leading to elevated reflectances 
observed in the claystones. Probably, differential tectonic strain is the most important cause 
for the observed differences in vitrinite reflectance between the various lithologies. 
The standard deviation of VRr measurements in coals is generally smaller than in other 
sedimentary rocks. The expected increase of standard deviation with increasing rank and 
accordant anisotropy was not observed for VRr but rather for VRmax with the exception of 
coals displaying a relatively constant and low deviation throughout the depth/maturity 
interval. 
The differences in standard deviation of VRr and VRmax measurements are due to the 
differential anisotropy of vitrinite particles depending on the lithological dependency of 
pressure propagation and supporting grain structure and the respective deformation of 
these particles. It could be shown that thin elongated vitrinite bands exhibit stronger 
reflectance anisotropy and thus, higher VRbi values in contrast to rather isolated large 
vitrinite particles which on the other hand feature overall higher reflectance values. 
RIS/VRI analysis shows that the rotational reflectance patterns indicate a biaxial negative 
anisotropy which is representative of tangential tectonic stresses in addition to stresses and 
burial temperatures due to depositional loading. This further supports the “deep 
burial/inversion model” as explanation for the present-day maturity pattern observed in the 
Lower Saxony Basin. 
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5 Final Conclusions 
5.1 Summary 
The objective of this thesis is to apply basin and petroleum system modeling as well as 
petrographic analysis methods to the study area of NW-Germany and the Netherlands, in 
order to test different assumptions on the geodynamic evolution as well as to quantify the 
influence of different thermo-tectonic scenarios on hydrocarbon generation and their 
implication for shale gas exploration. For this, 3D high resolution petroleum system models 
have been compiled and used to reconstruct the source rock maturation based on 
calibrated burial and thermal histories. Different basal heat flow scenarios and accordingly 
different high-resolution scenarios of erosional rates and sediment distribution were 
constructed, representing all major uplift events that affected the study area. Pressure, 
temperature and TOC-dependent gas storage capacity as well as gas contents of different 
potential source rocks were calculated based on experimentally derived Langmuir sorption 
parameters and newly compiled source rock thickness maps. In addition, petrographic 
analysis of vitrinite reflectance, assessing the lithological dependency of vitrinite reflectance 
as a maturity parameter in high rank sedimentary rocks as well as utilizing its anisotropic 
character (at maturity levels above 2% VRr) as stress/strain indicator, has been linked to the 
to the tectonic evolution of the study area contributing to the understanding of burial and 
temperature history in the Lower Saxony Basin.  
In summary, the main accomplishments of this study comprise:  
I. Development of regional large-scale high-resolution 3D models of the study area. 
II. High-resolution modeling of the temperature and burial history of the different 
sedimentary basins included in the model. 
III. Compilation of erosion maps for all major uplift events. 
IV. Linking the petrographic analysis of vitrinite reflectance to the geodynamic evolution 
of the study area. 
V. Accurate high-resolution modeling of the source rock maturation. 
VI. GIP balancing not only by geometry-based volume balancing but based on the thermo-
tectonic reconstruction of the differential basin evolution and the utilization of unique 
experimentally derived sorption data rendering the dependency on analogue data 
from U.S. shale plays obsolete. 
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Basin modeling and petrographic analysis results presented and discussed in the previous 
chapters show that the geodynamic evolution of NW-Germany and the Netherlands was 
dominantly influenced by a succession of consecutive transtensional/extensional and 
transpressional/compressional tectonic events from Carboniferous to recent times. The 
present structural configuration, layer thickness distribution and maturity patterns of the 
study area indicate varying burial and temperature histories of the different structural 
blocks or basins, respectively. Depending on the location and configuration deepest burial 
and highest temperatures in the different structural sections occurred either at the end of 
the Carboniferous (Münsterland Basin; Fig. 2.15), Latest Jurassic (e.g. Pompeckj Basin, Peel-
Maasbommel Complex), earliest Upper Cretaceous (e.g. Lower Saxony Basin, Central 
Netherlands Basin, West Netherlands Basin; Fig. 2.17) and/or at present-day (e.g. Pompeckj 
Basin, West Netherlands Basin; Fig. 2.16). Subsequent uplift and partial inversion occurred 
during Permo-Carboniferous, Latest Jurassic and Upper Cretaceous times, again depending 
on the structural affiliation of the different basins and highs. Petrographic analysis and 
interpretation of maturity versus depth trends by basin modeling indicate deep burial and 
accordingly high burial temperatures with subsequent uplift as reason for the present 
maturity patterns. The influence of an igneous intrusion during the Upper Cretaceous in the 
area of the Lower Saxony Basin can be disproved. Instead, deep subsidence followed by 
strong uplift with maximum erosional amounts of up to 6800-8900 m (depending on the 
modeled basal heat flow trend; Fig. 3.13, Fig. 3.14) during the Subhercynian inversion 
(Upper Cretaceous) caused the high maturities observed in that area. RIS/VRI analysis shows 
that rotational reflectance patterns indicate a biaxial negative anisotropy which is 
representative of tangential tectonic stresses related to the inversion of the Lower Saxony 
Basin in addition to stresses and burial temperatures due to depositional loading (Figs. Fig. 
4.11Fig. 4.12). This further supports the “deep burial/inversion model” as explanation for 
the present-day maturity pattern observed in the Lower Saxony Basin. 
Burial and temperature history reconstruction as well as source rock maturity evaluation are 
based on two different basal heat flow scenarios. Scenario 2 takes heat flow trends from 
published literature into account (higher heat flows during rifting/thinning of the crust) 
whereas Scenario 1 has been compiled considering in addition the effect of uplifted hot 
crust during inversion and cooling by thick sedimentary piles during rapid sedimentation. At 
time of deepest burial prior to the Upper Cretaceous uplift the basal heat flow can differ by 
up to 17 mW/m2 (Fig. 3.8), ultimately affecting the amount of maximum burial depth 
needed to match available paleotemperature calibration data.  
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Modeling results indicate maturity patterns of the most important petroleum source rocks - 
the Toarcian Posidonia Shale and Berriasian Wealden - and also prospective areas within the 
study area exhibiting shale gas potential at present-day. These areas are confined to the 
Lower Saxony Basin, southern Gifhorn Trough and West Netherlands Basin. In these areas 
the Posidonia Shale and Wealden have attained sufficient temperatures for possible gas 
generation during burial (Figs. Fig. 3.15, Fig. 3.16).  
During the Upper Cretaceous (89 Ma) the Posidonia Shale in the Lower Saxony Basin has 
reached burial depths as deep as 10.000 m (Scenario 1) and 7800 m (Scenario 2) resulting in 
temperatures up to 330°C. Maturities in some parts of the Lower Saxony Basin depocentre 
reached the overmature state. The average maturation in the basin center reached the dry 
gas window (>2.3% VRr), whereas the basin margin maturities remained in the oil window. 
By then the West Netherlands Basin was only partly characterized by greatest burial depths. 
Average burial depths of the Posidonia Shale equaled 2600 m in the center and 1600 m at 
the basin flanks. Temperatures ranged between 75-120°C resulting in maturities of 0.4-
1.2% VRr. Thus, large parts of the basin had reached the oil generation stage. In parts of the 
West Netherlands Basin burial continued until present-day. These areas partly attained 
sufficient temperatures inducing maturities within the gas generation window (Fig. 3.15). 
The Wealden in the Lower Saxony Basin was characterized by greatest burial depths of up to 
7900 m (Scenario 1) and 5800 m (Scenario 2) resulting in temperatures of up to 260°C. 
Maturities in some confined parts of the Lower Saxony Basin depocenter reached up to 
3.7% VRr; the average maturation in the basin center reached the dry gas stage (>2.3% VRr) 
whereas the basin margin maturities remained in the oil window. The Wealden-equivalent 
Coevorden Formation in the Netherlands still remained immature (Fig. 3.16). 
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Fig. 5.1: Present-day maturity at the top of the Carboniferous. 
Maturity of the Carboniferous has also reached the gas generation window in large parts of 
the study area (Fig. 2.27, Fig. 5.1). Variable but often high gas contents have already been 
proven in German Carboniferous coal/anthracite seams but gas production is mainly 
restricted to abandoned underground mines. Gas contents in the intercalated shale 
horizons of the Carboniferous are possibly even higher than in the Posidonia Shale and 
Wealden due to an overall higher accumulative layer thickness but have not been 
investigated in this study. Due to lithological heterogeneity, little information on the lateral 
facies distribution and fluctuation of layer thickness, GIP results for the Carboniferous would 
be quite uncertain and would need to be considered with caution. Despite its low thickness, 
the Posidonia Shale exhibits a promising shale gas potential with modeled gas contents of 
up to 82 scf/ton rock in the Lower Saxony Basin and 95 scf/ton rock in the southern area of 
the Gifhorn Trough and southwestern flank of the West Netherlands Basin (Fig. 3.17) due to 
its geochemical parameters and homogeneous facies distribution. Whereas modeling results 
indicate comparably lower gas contents in the Wealden of up to 26 scf/ton rock in the Ems 
river area and 45 scf/ton rock in the Hunte river area (Fig. 3.18) this is compensated by the 
much larger layer thickness and bulk adsorption capacity compared to the Posidonia Shale 
(Fig. 3.4). It should be noted that conclusions on bulk adsorption capacities should be 
preferred over present gas contents. Quantification of gas contents depends on an even 
higher number of key factors (e.g. localized diagenetic processes and charge histories) than 
modeled adsorption capacities. This would need to be investigated on a case-by-case basis. 
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Therefore, modeled lateral variations of pressure and temperature dependent bulk 
adsorption capacities in combination with geochemical parameters and maturity patterns 
should be used as primary indicators for possible shale gas occurrences. In addition, it 
should also be considered that the technically recoverable percentage of modeled GIP 
amounts does a priori not exceed 35% (Andruleit et al. 2012). 
Despite the still pending uncertainties in predicting sorbed gas contents in shale plays, this 
study can give a first comprehensive overview on the shale gas potential in NW-Germany 
and the Netherlands. In comparison to recent approaches on assessing the shale gas 
potential in that study area this thesis presents the first publically available study to 
integrate experimentally derived sorption parameters into a high-resolution 4D thermo-
tectonic reconstruction. The models deliver an independent reappraisal of the differential 
geodynamic evolution and thermal history and provide a high-resolution image of the 
maturity distribution and evolution throughout the different structural blocks. This thesis 
can hereby help in defining petroleum exploration objectives and identifying sections with 
possible “sweet spot” attributes suited for further play to prospect analysis. 
5.2 Outlook 
The quality of simulation results in petroleum system modeling always depends on the 
amount and variety of input and calibration data. In this context, simulation results of this 
study could be refined through access to a variety of additional data sets.  
Due to the dense lateral distribution of paleotemperature calibration data the thermal 
reconstruction is of high quality. The thermal reconstruction, however, is based on tectonic 
reconstruction scenarios. Adding a dense grid of pressure calibration data attained by e.g. 
porosity measurements or gamma ray, resistivity and sonic log data would aid in pore 
pressure calculation verifying the tectonic reconstruction as well as simulated compaction 
results. Porosity and permeability evolution is a key factor for petroleum accumulation and 
migration and should be considered if data is available.  
The heterogeneity of facies distribution especially in unconventional shale plays has effects 
on different aspects. Increasing the resolution of lateral and vertical lithological variations as 
well as varying source rock potential (TOC and HI) and petroleum generation kinetics would 
allow an enhanced prediction of petroleum generation, migration and accumulation as well 
as expulsion efficiency. Since the investigated source rocks exhibit also lateral but more 
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dominantly vertical facies variations this would certainly affect simulation results on 
petroleum composition and behavior. 
In the context of expulsion history as well as play productivity, defining the brittleness or 
ductility, respectively, would allow calculations of seal integrity and conclusions on 
frackability. Whereas the incorporation of regional fault systems in the model would rather 
effect the distribution and geometry of conventional reservoirs, defining the smaller scale 
natural fracture system and the susceptibility of lithologies to natural fracturing would 
additionally aid in assessing petroleum migration, seal integrity and frackability.  
Furthermore, adding geochemical calibration data such as e.g. petroleum and isotopic 
composition as well as API gravity could aid in defining and distinguishing kitchen areas and 
migration histories. Geochemical maturity and temperature parameters (e.g. 
methylphenantren index, carbon preference index, Rock Eval) could be compared to applied 
vitrinite reflectance data and used for verification of the modeled temperature history. 
Additional restrictions are made by the current software development and state-of-the-art 
research hindering holistic approaches and consideration of all possible influence factors on 
the evolution of sedimentary basins and unconventional petroleum systems within.  
Incorporating geomechanical aspects, thus extension of the traditional stress-strain concept 
for solids to porous media by the introduction of effective stress taking pore pressure into 
account, would allow improved predictions on porosity evolution especially during 
compressional phases. Since the investigated basin systems have undergone several 
compressional/transpressional tectonic phases, this could have additional impact on the 
simulation results. Incorporation of models for rock failure type by the introduction of 
brittleness versus ductility indices could aid in risk analysis of seal integrity and frackability. 
As already mentioned, major influence factors on sorption capacity still need to be 
experimentally investigated and incorporated into petroleum system modeling software. 
The use of excess sorption should be preferred over absolute sorption in petroleum system 
modeling as it is the closest representation of the experimental data and no volumetric 
corrections need to be made to the free gas component. Sorption capacity and the 
thermodynamic sorption parameters change systematically with maturity. In addition, the 
presence of moisture has a strong impact reducing the sorption capacity due to a 
competitive sorption between the water and the gas. In PetroMod®, only the TOC is used as 
a scaling parameter and the influence of maturity and moisture on the sorption capacity is 
not captured by the model. Generation of secondary porosity due to thermal breakdown of 
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organic matter is considered in PetroMod®, but the influence of core plugging by bitumen 
within the oil window and secondary porosity inside the kerogen and solid bitumen network 
are not yet fully and correctly incorporated. Integrating these influencing factors would 
benefit and improve GIP prediction in sorption-dominated shale plays. 
 
6 References 143 
 
6 References 
ABRAMOVITZ, T. & THYBO, H. (1999) Pre-Zechstein structures around the MONA LISA deep seismic lines in the 
southern Horn Graben area. Bulletin of the Geological Society of Denmark, 45, 99-116. 
ABU-ALI, M.A., RUDKIEWICZ, J.L.L., Mcgillivray, J.G. & BÉHAR F. (1999) Paleozoic petroleum system of central 
Saudi Arabia. GeoArabia, 4, 321-336. 
ADAMS, J.A.S. & WEAVER, C.E. (1958) Thorium to uranium ratios as indicators of sedimentary processes: example 
of concept of geochemical facies. American Association of Petroleum Geologists Bulletin, 42(2), 387-
430.  
ADRIASOLA-MUÑOZ, Y., LITTKE, R. & BRIX M.R. (2007) Fluid systems and basin evolution of the western Lower 
Saxony Basin, Germany. Geofluids, 7, 335-355.  
ALLEN, P.A. & ALLEN, J.R. (2005) Basin Analysis: Principles and Applications, 2nd edn. Blackwell Publishing, p. 560. 
ALTEBAEUMER, F.J. (1982) Studies on Hydrocarbon Genesis in Clay Stones of the Upper Jurassic Delta 
(Pliensbachium) in the North West German Basin, With Particular Regard to the Influence of the Hot 
Intrusive Masses of Bramsche and Vlotho. Dissertation, RWTH Aachen University, p. 294. 
AMBROSE, R.J., HARTMAN, R.C. & DIAZ-CAMPOS, M. (2012) Shale Gas-in-Place Calculations Part I: New Pore-
Scale Considerations. SPE Journal, 17(1), 219-229. 
ANDRULEIT, H., BAHR, A., BÖNNEMANN, C., ERBACHER, J., FRANKE, D., GERLING, J.P., GESTERMANN, N., 
HIMMELSBACH, T., KOSINOWSKI, M., KRUG, S., PIERAU, R., PLETSCH, T., ROGALLA, U., SCHLÖMER, S. 
& NIKO-PROJEKT-TEAM (2012) Abschätzung des Erdgaspotenzials aus dichten Tongesteinen 
(Schiefergas) in Deutschland. Bundesanstalt für Geowissenschaften und Rohstoffe (BGR), p. 56. 
ATHY, L.F. (1930) Density, porosity and compaction of sedimentary rocks. American Association of Petroleum 
Geologists Bulletin, 14, 1-24. 
BACHMANN, G.H. & HOFFMANN, N. (1997) Development of the Rotliegend basin in Northern Germany. 
Geologisches Jahrbuch, Reihe D, 103, 9-31. 
BACHMANN, G.H., VOIGT, T., BAYER, U., VON EYNATTEN, H., LEGLER, B. & LITTKE, R. (2008) Depositional history 
and sedimentary cycles in the Central European Basin System. In: Dynamics of Complex 
Intracontinental Basins. (Ed. by R. Littke, U. Bayer, D. Gajewski & S. Nelskamp), Springer-Verlag, 
Berlin, pp. 155-172. 
BALDSCHUHN, R. & KOCKEL, F. (1999) Das Osning-Lineament am Südrand des Niedersachsen-Beckens. Zeitschrift 
der Deutschen Geologischen Gesellschaft, 150(4), 673-695.  
BALDSCHUHN, R., KOCKEL, F., BEST, G., DENEKE, E., FRISCH, U., JUERGENS, U., SCHMITZ, J., SATTLER-
KOSINOWSKI, S., STANCU-KRISTOFF, G. & ZIRNGAST, M. (1996) Geotektonischer Atlas von NW-
Deutschland / Tectonic Atlas of NW-Germany 1:300 000. Bundesanstalt für Geowissenschaften und 
Rohstoffe (BGR), Hannover. 
6 References 144 
 
BARKER, C.E. & PAWLEWOCZ, M.J. (1994) Calculation of vitrinite reflectance from thermal histories and peak 
temperatures. A comparison of methods. In: Vitrinite reflectance as maturity parameter: applications 
and limitations. (Ed. by P.K. Mukhopadhyyay & W.G. Dow), ACS Symposium series, 570, pp. 216-229. 
BARTENSTEIN, H., TEICHMÜLLER, M. & TEICHMÜLLER, R. (1971) Die Umwandlung der organischen Substanz im 
Dach des Bramscher Massivs. Fortschritte in der Geologie von Rheinland und Westfalen, 18, 501-538. 
BAYER, U., SCHECK-WENDEROTH. M., RABBEL, W., KRAWCZYK, C.M., GÖTZE, H.-J., STILLER, M., BEILECKE, T., 
MAROTTA, A.M., BARRIO-ALVERS, L. & KUDER, J. (1999) An integrated study of the NE German Basin. 
Tectonophysics, 314, 285-307. 
BEARDSMORE, G.R. & CULL, J.P. (2001) Crustal Heat Flow. Cambridge University Press. 
BEHA, A., THOMSEN, R.O. & LITTKE, R. (2008) Thermal history, hydrocarbon generation and migration in the Horn 
Graben in the Danish North Sea: a 2D basin modelling study. International Journal of Earth Sciences, 
97, 1115-1129. 
BÉHAR, F. & VANDENBROUCKE, M. (1987) Chemical modeling of kerogens. Organic Geochemistry, 11(1), 15-24. 
BÉHAR, F., KRESSMANN, S., RUDKIEWICZ, J.L. & VANDENBROUCKE, M. (1992) Experimental simulation in a 
confined system and kinetic modelling of kerogen and oil cracking. In: Advances in Organic 
Geochemistry 1991. (Ed. by C. Eckhardt, J.R. Maxwell, S.R. Larter & D.A.C. Manning), Oxford, 
Pergamon Press, Organic Geochemistry, 19, 173-189.  
BÉHAR, F., VANDENBROUCKE, M., TANG, Y., MARQUIS, F. & ESPITALIÉ, J. (1997) Thermal cracking of kerogen in 
open and closed systems: Determination of kinetic parameters and stoichiometric coefficients for oil 
and gas generation. Organic Geochemistry, 26, 321-339. 
BETHKE, C.M. (1989) Modeling subsurface flow in sedimentary basins. International Journal of Earth Sciences 
(Geologische Rundschau), 78, 129-154. 
BETZ, D., FÜHRER, F., GREINER, G. & PLEIN, E. (1987) Evolution of the Lower Saxony Basin. Tectonophysics, 137, 
127-170. 
BILGILI, F., GÖTZE, H.-J., PASTEKA, R., SCHMIDT, S. & HACKNEY, R. (2009) Intrusion versus inversion—a 3D density 
model of the southern rim of the Northwest German Basin. International Journal of Earth Sciences, 
98(3), 571-583. 
BLUMENSTEIN, I.O., KROOSS, B.M., DI PRIMIO, R., ROTTKE, W., MULLER, E., WESTERLAGE, C. & LITTKE, R. (2008) 
Biodegradation in numerical basin modelling: a case study from the Gifhorn Trough, N-Germany. 
International Journal of Earth Sciences, 97, 1115-1129. 
BOREHAM, C.J., HORSFIELD, B. & SCHENK, H.J. (1999) Predicting the quantities of oil and gas generated from 
Australian Permian coals, Bowen Basin using pyrolytic methods. Marine and Petroleum Geology, 16, 
165-188. 
BOSTICK, N.H. (1971) Thermal alteration of clastic organic particles as an indicator of contact and burial 
metamorphism in sedimentary rocks. Geoscience & Man, 3, 83-93. 
6 References 145 
 
BOSTICK, N.H. & FOSTER, J.M. (1975) Comparison of vitrinite reflectance in coal seams and kerogen of 
sandstones, shales, and limestones in the same part of a sedimentary section. In: Pétrographie 
Organique et Potentiel Pétrolier. (Ed. by B. Alpern), Centre national de la recherche scientifique, pp. 
13-25. 
BREITKREUZ, C., GEISSLER, M., SCHNEIDER, J. & KIERSNOWSKI, H. (2008) Basin initiation: volcanism and 
sedimentation. In: Dynamics of Complex Intracontinental Basins. (Ed. by R. Littke., U. Bayer, D. 
Gajewski & S. Nelskamp), Springer-Verlag, Berlin, pp. 173-180.  
BRINK, H.-J. (2002) Die Anomalien von Bramsche, wieder eine offene Frage? Erdöl Erdgas Kohle, 118(1), 18-22.  
BRINK, H.-J. (2005a) The evolution of the North German Basin and the metamorphism of the lower crust. 
International Journal of Earth Sciences, 94, 1103-1116. 
BRINK, H.-J. (2005b) Liegt ein wesentlicher Sprung vieler großer Sedimentbecken in der thermischen 
Metamorphose ihrer Unterkruste? - Das Norddeutsche Permbecken in einer globalen Betrachtung. 
Zeitschrift der Deutschen Geologischen Gesellschaft, 156, 275-290. 
BRINK, H.-J. (2010) Classification of the Central European Basin System (CEBS). DGMK Research Report, 577-2/4, 
p. 63. 
BRINK, H.-J. (2012) Kosmische Würfelspiele und die Entwicklung der Erde. Athene Media, Dinslaken, p. 120. 
BRINK, H.-J. (2013) Die Intrusion von Bramsche - ein Irrtum im invertierten Niedersächsischen Becken? Zeitschrift 
der Deutschen Gesellschaft für Geowissenschaften, 164 (1), 33-48. 
BRINK, H.-J., DÜRSCHNER, H. & TRAPPE, H. (1992) Some aspects of the late and post-Variscan development of the 
Northwestern German Basin. Tectonophysics, 207, 65-95. 
BROCKAMP, B. (1967) Kurzbericht über die im Gebiet um Osnabrück durchgeführten seismischen Arbeiten des 
Instituts für Reine und Angewandte Geophysik der Universität Münster. Veröffentlichungen der 
Deutschen Geodätischen Kommission, B 153, pp. 1-12. 
BRÜCKNER-RÖHLING, S., HOFFMANN, N., KOCKEL, F., KRULL, P. & STUMM, M. (1994) Die Struktur- und 
Mächtigkeitskarten des Nordeuropäischen Permbeckens und seiner Ränder 1: 1.5 Mio. BGR-Report, 
111, 921, (Unpublished). 
BRUNS, B., DI PRIMIO, R., BERNER, U. & LITTKE, R. (2013) Petroleum system evolution in the inverted Lower 
Saxony Basin, northwest Germany: a 3D basin modeling study. Geofluids, 13(2), 246-271. 
BÜKER, C., LITTKE, R. & WELTE, D.H. (1995) 2D-modeling of the thermal evolution of Carboniferous and Devonian 
sedimentary rocks of the eastern Ruhr basin and northern Rhenish Massif, Germany. Zeitschrift der 
Deutschen Geologischen Gesellschaft, 146, 321-339. 
BURNHAM, A.K. & SWEENEY, J.J. (1989) A chemical kinetic model of vitrinite maturation and reflectance. 
Geochimica et Cosmochimica Acta, 53, 2649-2657. 
BUSCH, A. & GENSTERBLUM, Y. (2011) CBM and CO2-ECBM related sorption processes in coal: A review. 
International Journal of Coal Geology, 87, 49-71. 
6 References 146 
 
BUSTIN, R.M., ROSS, J.V. & MOFFAT, I. (1986) Vitrinite anisotropy under differential stress and high confining 
pressure and temperature: preliminary observations. International Journal of Coal Geology, 6(4), 
343-351. 
CHAUSSARD, E. & AMELUNG, F. (2014) Regional controls on magma ascent and storage in volcanic arcs. 
Geochemisty, Geophysics, Geosystems, 15(4), 1407-1418. 
CLAUSER, C. (1989) Untersuchungen zur Trennung der konduktiven und konvektiven Anteile im Wärmetransport 
in einem Sedimentbecken am Beispiel des Oberrheingrabens. Fortschritte-Berichte, Reihe 19 
(Wärmetechnik/Kältetechnik), Nr. 28, Düsseldorf, p. 124. 
CLOETINGH, S. & ZIEGLER, P.A. (2007) Tectonic models for the evolution of sedimentary basins. In: Crust and 
Lithosphere Dynamics. (Ed. by A.B. Watts), Treatise on Geophysics, 6, 485-611.  
COOK, T. (2003) Calculation of Estimated Ultimate Recovery for wells in continuous-type oil and gas 
accumulations of the Uinta- Piceance Province. International Journal of Coal Geology, 56(1-2), 39-44. 
CROSS, T.A. & HARBAUGH, J.W. (1990) Quantitative dynamic stratigraphy: a workshop, a philosophy, a 
methodology. In: Quantitative dynamic stratigraphy. (Ed. by T.A. Cross), Prentice Hall, Englewood 
Cliffs, pp. 3-20.  
DADLEZ, R., NARKIEWICZ, M., STEPHENSON, R.A., VISSER, M.T. & VAN WEES, J.D. (1995) Tectonic evolution of the 
Mid-Polish Trough: modeling implications and significance for central European geology. 
Tectonophysics, 252, 179-195. 
DE JAGER, J. (2003) Inverted basins in the Netherlands, similarities and differences. Netherlands Journal of 
Geosciences, 82, 355-366. 
DE JAGER, J. (2007) Geological development. In: Geology of the Netherlands. (Ed. by T.E. Wong, D.A.J. Batjes & J. 
De Jager), Royal Netherlands Academy of Arts and Science, pp. 5-26. 
DE JAGER, J. & GELUK, M.C. (2007) Petroleum geology. In: Geology of the Netherlands. (Ed. by T.E. Wong, D.A.J. 
Batjes & J. De Jager), Royal Netherlands Academy of Arts and Science, pp. 241-264. 
DE LUGT, I.R., VAN WEES, J.D. & WONG, TE. (2003) The tectonic evolution of the southern Dutch North Sea 
during the Paleogene: Basin inversion in distinct pulses. Tectonophysics, 373, 141-159. 
DIECKMANN, V., SCHENK, H.J., HORSFIELD, B. & WELTE, D.H. (1998) Kinetics of petroleum generation and 
cracking by programmed-temperature closed-system pyrolysis of Toarcian shales. Fuel, 77, 23-31. 
DI PRIMIO, R. & HORSFIELD, B. (1996) Predicting the generation of oils in carbonate/evaporitic environments 
using pyrolysis methods. In: Proceedings of the 17th International Meeting on Organic Geochemistry: 
Part III: Origin of natural gases, petroleum geochemistry, impact of organic geochemistry on 
exploration, migration and expulsion of oil and gas. (Ed. by B. Horsfield, G. Claypool, N. Telnaes, J.A. 
Curiale, S. Larter & K. Oygard), Oxford, Pergamon Press, Organic Geochemistry, 24(10-11), 999-1016. 
DI PRIMIO, R. & HORSFIELD, B. (2006) From petroleum type organofacies to hydrocarbon phase prediction. 
American Association of Petroleum Geologists Bulletin, 90(7), 1031-1058. 
6 References 147 
 
DI PRIMIO, R. & SKEIE, J.E. (2004) Development of a compositional kinetic model for hydrocarbon generation and 
phase equilibria modelling: A case study from Snorre field, Norwegian NorthSea. In: Understanding 
petroleum reservoirs: Towards an integrated reservoir engineering and geochemical approach. (Ed. 
by J.M. Cubitt, W.A. England & S.R. Larter), Geological Society of London Special Publication, 237, 
157-174. 
DI PRIMIO, R., DIECKMANN, V. & MILLS, N. (1998) PVT and phase behavior analysis in petroleum exploration. 
Organic Geochemistry, 29, 207-222. 
DOORNENBAL, H. & STEVENSON A (Ed.) (2010) Petroleum Geological Atlas of the Southern Permian Basin Area. 
EAGE Publications bv, Houten., p.352. 
DROZDZEWSKI, G. & WREDE, V. (1994) Faltung und Bruchtektonik - Analyse der Tektonik im Subvariszikum. 
Fortschritte in der Geologie von Rheinland und Westfalen, 38, 7-187.  
DROZDZEWSKI, G., HENSCHEID, S., HOTH, P., JUCH, D., LITTKE, R., VIETH, A. & WREDE, V. (2009) The pre-Permian 
of NW-Germany - structure and coalification map. Zeitschrift der Deutschen Gesellschaft für 
Geowissenschaften, 160, 159-172. 
DUBER, S., PUSZ, S., KWIECINSKA, B.K. & ROUZAUD, J.N. (2000) On the optically biaxial character and 
heterogeneity of anthracites. International Journal of Coal Geology, 44(3-4), 227-250. 
DUIN, E.J.T., DOORNENBAL, J.C., RIJKERS, R.H.B., VERBEEK, J.W. & WONG, T.E. (2006) Subsurface structure of the 
Netherlands - results of recent onshore and offshore mapping. Netherlands Journal of Geoscience, 
85, 245-276. 
ERDMANN, M. (1999) Gas generation from overmature Upper Jurassic source rocks, northern Viking Graben. 
Berichte des Forschungszentrum Jülich, 3700, p. 190. 
ERICSSON, I. & LATTIMER, R.P. (1988) Pyrolysis nomenclature. Journal of Analytical and Applied Pyrolysis, 14, 219-
221. 
ESEME, E., URAI, J.L., KROOSS, B.M. & LITTKE, R. (2007) Review of mechanical properties of oil shales: 
Implications for exploitation and basin modelling. Oil Shale, 24(2), 159-174. 
ESEME, E., KROOSS, B.M. & LITTKE, R. (2012) Evolution of petrophysical properties of oil shales during high-
temperature compaction tests: Implications for petroleum expulsion. Marine and Petroleum 
Geology, 31, 110-124. 
ESPITALIÉ, J., UNGERER, P., IRWIN, I. & MARQUIS, F. (1988) Primary cracking of kerogens; experimenting and 
modeling C1,C2-C5, C6-C15 and C15+ classes of hydrocarbons formed. In: Advances in organic 
geochemistry 1987: Part II: Analytical geochemistry. (Ed. by L. Mattavelli & L. Novelli), Proceedings of 
the 13th International Meeting on Organic geochemistry, Oxford, Pergamon Press, Organic 
Geochemistry, 13(4-6), 893-899. 
FRAKES, L.A. (1979) Climates throughout Geological Time. Elsevier Scientific Publishing Co., New York, p. 304. 
FRANKE, W. (2000) The mid-European segment of the Variscides: tectonostratigraphic units, terrane boundaries 
and plate tectonic evolution. Geological Society London Special Publications, 179, 35-61. 
FRIED, M. & BROESHART, H. (1967) The soil-plant system. Academic Press, New York & London, p. 358. 
6 References 148 
 
GASPARIK, M., GHANIZADEH, A., BERTIER, P., GENSTERBLUM, Y., BOUW, S. & KROOSS, B.M. (2012) High-Pressure 
Methane Sorption Isotherms of Black Shales from The Netherlands. Energy & Fuels, 26(8), 4995-
5004. 
GASPARIK, M., BERTIE, R.P., GENSTERBLUM, Y., GHANIZADEH, A., KROOSS, B.M. & LITTKE, R. (2014) Geological 
Controls on the Methane Storage Capacity in Organic-Rich Shales. International Journal of Coal 
Geology, 123, 34-51. 
GAST, R.E. (1988) Rifting im Rotliegenden Niedersachsens. Geowissenschaften, 6, 115-122. 
GAUPP, R., BAUNACK, C., PUDLO, D., SOLMS, M., TRAPPE, H., SCHUBART-ENGELSCHALL, J., SAMIEE, R., LITTKE, R., 
SCHWARZER, D., ONCKEN, O., KRAWCZYK, C.M. & TANNER, D. (2005) Paleo Oil- and Gasfields in the 
Rotliegend of the North German Basin: effects upon hydrocarbon reservoir quality. DGMK-
Forschungsbericht, 593-8, p. 242. 
GAUPP, R., MÖLLER, P., LÜDERS, V., DI PRIMIO, R. & LITTKE, R. (2008) Fluids in sedimentary basins: an overview. 
In: Dynamics of Complex Intracontinental Basins. (Ed. by R. Littke., U. Bayer, D. Gajewski & S. 
Nelskamp), Springer-Verlag, Berlin, pp. 347-366. 
GELUK, M.C. (2007) Triassic. In: Geology of the Netherlands. (Ed. by T.E. Wong, D.A.J. Batjes & J. de Jager), Royal 
Netherlands Academy of Arts and Science, pp. 85-106. 
GENSTERBLUM, Y., MERKEL, A., BUSCH, A., KROOSS, B. M. & LITTKE, R. (2014). Gas saturation and CO2 
enhancement potential of coalbed methane reservoirs as a function of depth. American Association 
of Petroleum Geologists Bulletin, 98(2), 395-420. 
GEOLOGISCHER DIENST NRW (2003) Geologie im Weser- und Osnabrücker Bergland. Geologischer Dienst NRW, 
Krefeld, p. 219. 
GERLING, P., GELUK, M.C., KOCKEL, F., LOKHORST, A., LOTT, G.K. & NICHOLSON, R.A. (1999a) NW European Gas 
Atlas - new implications for the Carboniferous gas plays in the western part of the Southern Permian 
Basin. Geological Society London, Petroleum Geology Conference series, 5, 799-808. 
GERLING, P., KOCKEL, F. & KRULL, P. (1999b) Das Kohlenwasserstoff-Potential des Präwestfals im norddeutschen 
Becken - Eine Synthese. DGMK Research Report, 433, Hamburg, p. 107. 
GLENNIE, K.W. (1986) Development of N.W. Europe‘s Southern Permian Gas Basin. Geological Society London, 
Special Publications, 23, 3-22. 
HAMBLIN, A.P. (2006) The “shale gas” concept in Canada: a preliminary inventory of possibilities. Bulletin 
Geological Survey of Canada, Open File Report 5384, p. 108. 
HANTSCHEL, T. & KAUERAUF, A.I. (2009) Fundamentals of Basin and Petroleum Systems Modeling. Springer-
Verlag, Dordrecht, p.476.  
HAO, F., ZOU, H. & LU, Y. (2013) Mechanisms of shale gas storage: Implications for shale gas exploration in China. 
American Association of Petroleum Geologists Bulletin, 97(8), 1325-1346.  
HECHT, F., HERING, O. & KNOBLOCK, J. (1962) Stratigraphie, Speichergesteins-Ausbildung und Kohlenwasserstoff-
Führung im Rotliegenden und Karbon der Tiefbohrung Hoya Z1. Fortschritte in der Geologie von 
Rheinland und Westfalen, 3, 1061-1074. 
6 References 149 
 
HEDEMANN, H.A., SCHUSTER, A., STANCU-KRISTOFF, G. & LÖSCH, J. (1984) Die Verbreitung der Kohleflöze des 
Oberkarbons in Nordwestdeutschland und ihre stratigraphische Einstufung. Fortschritte in der 
Geologie von Rheinland und Westfalen, 32, 39-88.  
HILDENBRANDT, A., KROOSS, B.M., BUSCH, A. & GASCHNITZ, R. (2006) Evolution of methane sorption capacity of 
coal seams as a function of burial history — a case study from the Campine Basin, NE Belgium. 
International Journal of Coal Geology, 66(3), 179-203. 
HOFFMANN, N., HENGESBACH, L., FRIEDRICHS, B. & Brink, H.-J. (2008) The contribution of magnetotellurics to an 
improved understanding of the geological evolution of the North German Basin - review and new 
results. Zeitschrift der Deutschen Gesellschaft für Geowissenschaften, 159(4), 591-606. 
HORSFIELD, B. (1989) Practical criteria for classifying kerogens: Some observations from pyrolysis-gas 
chromatography. Geochemica et Cosmochimica Acta, 53, 891-901. 
HORSFIELD, B. (1990) Evaluating kerogen type according to source quality, compositional heterogeneity and 
thermal lability. Review of Palaeobotany and Palynology, 65(1-4), 357-365. 
HORSFIELD, B., DISKO, U. & LEISTNER, F. (1989) The micro-scale simulation of maturation: Outline of a new 
technique and its potential applications. International Journal of Earth Sciences (Geologische 
Rundschau), 78, 361-374. 
HORSFIELD, B., LARTER, S., DUEPPENBECKER, S. & DAINES, S. (1990) Gas/oil ratios in source rocks. American 
Association of Petroleum Geologists Bulletin, 74(5), 677.  
HORSFIELD, B., DUEPPENBECKER, S., SCHENK, H.J. & SCHAEFER, R.G. (1993) Kerogen typing concepts designed for 
the quantitative geochemical evaluation of petroleum potential, basin modeling: Advances and 
applications. Proceedings of the Norwegian Petroleum Society Conference, 3, 243-249. 
HOUSEKNECHT, D.W. & WEESNER, C.M.B. (1997) Rotational reflectance of dispersed vitrinite from the Arkoma 
basin. Organic Geochemistry, 26(3-4), 191-206. 
HOUSEKNECHT, D.W., BENSLEY, D.F., HATHON, L.A. & KASTENS, P.H. (1993) Rotational reflectance properties of 
Arkoma Basin dispersed vitrinite: insights for understanding reflectance populations in high thermal 
maturity regions. Organic Geochemistry, 20(2), 187-196. 
HOWER, J.C. & DAVIS, A. (1981) Vitrinite reflectance anisotropy as a tectonic fabric element. Geology, 9(4), 165-
168. 
IEA (2011) Natural Gas Information 2011. OECD Publishing, DOI: 10.1787/nat_gas-2011-en. 
IOC, IHO & BODC (2003) Centenary Edition of the GEBCO Digital Atlas. Published on CD-ROM on behalf of the 
Intergovernmental Oceanographic Commission and the International Hydrographic Organization as 
part of the General Bathymetric Chart of the Oceans, British Oceanographic Data Centre, Liverpool, 
U.K. 
JASPER, K., HARTKOPF-FRÖDER, C., FLAJS, G. & LITTKE, R. (2010) Evolution of Pennsylvanian (Late Carboniferous) 
peat swamps of the Ruhr Basin, Germany: Comparison of palynological, coal petrographical and 
organic geochemical data. International Journal of Coal Geology, 83(4), 349-365. 
JOHN, H. (1975) Hebungs- und Senkungsvorgänge in Nordwestdeutschland. Erdöl u. Kohle, Erdgas, Petrochemie, 
28(6), 273-277.  
6 References 150 
 
KARG, H. (1998) Numerische Simulation der thermischen Geschichte, Subsidenz und Erosion des westlichen 
Rechtsrheinischen Schiefergebirges, des Ruhrbeckens und des Paläozoikums der Niederrheinischen 
Bucht. Berichte des Forschungszentrums Jülich, 3618, ISSN 0944-2952. 
KARG, H., CARTER, A., BRIX, M.R. & LITTKE, R. (2005) Late- and post-Variscan cooling and exhumation history of 
the northern Rhenish massif and the southern Ruhr Basin: new constraints from fission-track 
analysis. International Journal of Earth Sciences, 94, 180-192. 
KELKER, D. & LANGENBERG, W. (1997) Ellipsoid estimation in coal reflectance anisotropy. Mathematical Geology, 
29(2), 185-198. 
KILBY, W.E. (1986) Biaxial reflecting coals in the Peace River Coalfield (93 O, P, I). British Columbia Ministry of 
Energy, Mines and Petroleum Resources, Geol. Fieldwork, 1985, Pap. 1986-1, pp. 127-137. 
KILBY, W.E. (1988) Recognition of vitrinite with non-uniaxial negative reflectance characteristics. International 
Journal of Coal Geology, 9, 267-285. 
KILBY, W.E. (1991) Vitrinite reflectance measurement - Some technique enhancements and relationships. 
International Journal of Coal Geology, 198, 201-218. 
KING, G. E. (2012). Hydraulic fracturing 101: What every representative, environmentalist, regulator, reporter, 
investor, university researcher, neighbor and engineer should know about estimating frac risk and 
improving frac performance in unconventional gas and oil wells. SPE Hydraulic Fracturing Technology 
Conference 2012.  
KLEY, J. & VOIGT, T. (2008) Late Cretaceous intraplate thrusting in central Europe: Effect of Africa-Europe-Iberia 
convergence, not Alpine collision. Geology, 36, 839-842. 
KLEY, J., FRANZKE, H.-J., JÄHNE, F., KRAWCZYK, C., LOHR, T., REICHERTER, K., SCHECK-WENDEROTH, M., SIPPEL, J., 
TANNER, D. & VAN GENT, H. (2008) Strain and Stress. In: Dynamics of Complex Intracontinental 
Basins. (Ed. by R. Littke., U. Bayer, D. Gajewski & S. Nelskamp), Springer-Verlag, Berlin, pp. 97-124. 
KOCKEL, F. (2002) Rifting processes in NW-Germany and the German North Sea Sector. Netherlands Journal of 
Geosciences, 81, 149-158. 
KOCKEL, F. (2003) Inversion structures in Central Europe – Expressions and reasons, an open discussion. 
Netherlands Journal of Geosciences, 82(4), 367-382. 
KOCKEL, F., WEHNER, H. & GERLING, P. (1994) Petroleum Systems of the Lower Saxony Basin, Germany. In: The 
Petroleum System — From Source to Trap. (Ed. by L.B. Magoon & W.G. Dow), American Association 
of Petroleum Geologists Memoirs, 60, 573-586. 
KROOSS, B.M., PLESSEN, B., MACHEL, H.G., LUEDERS, V. & LITTKE, R. (2008) Origin and distribution of non-
hydrocarbon gases. In: Dynamics of Complex Intracontinental Basins. (Ed. by R. Littke., U. Bayer, D. 
Gajewski & S. Nelskamp), Springer-Verlag, Berlin, pp. 433-458. 
KRULL, P. (2005) Paläogeographischer Rahmen. In: Stratigraphie von Deutschland V - Das Oberkarbon 
(Pennsylvanium) in Deutschland. (Ed. by V. Wrede), Courier Forschungsinstitut Senckenberg, 254, 3-
12. 
KRZYWIEC, P. (2006) Structural inversion of the Pomeranian and Kuiavian segments of the Mid-Polish Trough - 
lateral variations in timing and structural style. Geological Quarterly, 51(1), 151-168. 
6 References 151 
 
KUHN, P. (2013) Integrated Geochemistry and Basin Modeling Study of the Bakken Formation, Williston Basin. 
Dissertation, Tech. Univ. Berlin, p. 241. 
LANGENBERG, W. & KALKREUTH, W. (1991) Tectonic controls on regional coalification and vitrinite-reflectance 
anisotropy of Lower Cretaceous coals in the Alberta foothills, Canada. Bulletin de la Société 
Géologique de France, 162(2), 375-383. 
LARTER, S. & HORSFIELD, B. (1993) Determination of structural components of kerogens by the use of analytical 
pyrolysis methods. In: Organic Geochemistry. (Ed. by M.H. Engel & S.A. Macko), Plenum Press, New 
York, 271-287. 
LAW, B.E. & CURTIS, J.B. (2002) Introduction to Unconventional Petroleum Systems. American Association of 
Petroleum Geologists Bulletin, 86(11), 1851-1852. 
LBEG (2013) Erdöl und Erdgas in der Bundesrepublik Deutschland 2013. Landesamt für Bergbau, Energie und 
Geologie, http://www.lbeg.niedersachsen.de. 
LEISCHNER, K. (1994) Kalibration simulierter Temperaturgeschichten. Berichte des Forschungszentrums Jülich, 
Band 2909.  
LEISCHNER, K., WELTE, D.H. & LITTKE, R. (1993) Fluid inclusions and organic maturity parameters as calibration 
tools in basin modeling. Special Publications - Norwegian Petroleum Society, 3, 161-172. 
LEVINE, J.R. (1991) The impact of oil formed during coalification on generation and storage of natural gas in 
coalbed reservoir systems. 3rd Coalbed Methane Symposium Proceedings, Tuscaloosa, AL, pp. 307-
315. 
LEVINE, J.R. & DAVIS, A. (1984) Optical anisotropy of coals as an indicator of tectonic deformation, Broad Top 
Coal Field, Pennsylvania. Geological Society of America Bulletin, 95(1), 100-108. 
LEVINE, J.R. & DAVIS, A. (1989a) Reflectance anisotropy of Upper Carboniferous coals in the Appalachian foreland 
basin, Pennsylvania, U.S.A. International Journal of Coal Geology, 13(1-4), 341-373. 
LEVINE, J.R. & DAVIS, A. (1989b) The relationship of coal optical fabrics to Alleghanian tectonic deformation in 
the central Appalachian fold-and-thrust belt, Pennsylvania. Geological Society of America Bulletin, 
101, 1333-1347. 
LEWAN, M.D. (1985) Evaluation of petroleum generation by hydrous pyrolysis experimentation. In: Geochemistry 
of buried sediments. (Ed. by G. Eglinton, C.D. Curtis, D.P. McKenzie & D.G. Murchison), Royal Society 
of London Mathematical and Physical Sciences, 315(1231), 123-134. 
LEYTHAEUSER, D., LITTKE, R., RADKE, M. & SCHAEFER, R.G. (1988) Geochemical effects of petroleum migration 
and expulsion from Toarcian source rocks in the Hils syncline area, NW-Germany. Organic 
Geochemistry, 13(1-3), 489-502. 
LITTKE, R. (1987) Petrology and genesis of Upper Carboniferous seams from the Ruhr region, West Germany. 
International Journal of Coal Geology, 7(2), 147-184. 
LITTKE, R. & LEYTHAEUSER, D. (1993) Migration of oil and gas in coals. In: Hydrocarbons from Coal. (Ed. by B.E. 
Law & D.D. Rice), American Association of Petroleum Geologists Stud. Geol., 38, 219-236. 
6 References 152 
 
LITTKE, R. & TEN HAVEN, H.L. (1989) Palaeoecologic trends and petroleum potential of Upper Carboniferous coal 
seams of western Germany as revealed by their petrographic and organic geochemical 
characteristics. International Journal of Coal Geology, 13(1-4), 529-574. 
LITTKE, R., BAKER, D.R. & LEYTHAEUSER, D. (1988) Microscopic and sedimentologic evidence for the generation 
and migration of hydrocarbons in Toarcian source rocks of different maturities. Organic 
Geochemistry, 13, 549-559. 
LITTKE, R., BAKER, D.R., LEYTHAEUSER, D. & RULLKÖTTER, J. (1991) Keys to the depositional history of the 
Posidonia Shale (Toarcian) in the Hills syncline, Northern Germany. In: Modern and ancient 
continental shelf anoxia. (Ed. by R.V. Tyson & T. Pearson), Geological Society Special Publications, 58, 
311-334. 
LITTKE, R., BUEKER, C., LUECKGE, A., SACHSENHOFER, R.F. & WELTE, D.H. (1994) A new evaluation of palaeo-heat 
flows and eroded thicknesses for the Carboniferous Ruhr basin, western Germany. International 
Journal of Coal Geology, 26(3-4), 155-183. 
LITTKE, R., KROOSS, B.M., IDIZ, E. & FRIELINGSDORF, J. (1995) Molecular nitrogen in natural gas accumulations: 
generation from sedimentary organic matter at high temperature. American Association of 
Petroleum Geologists Bulletin, 79, 410-430. 
LITTKE, R., JENDRZEJEWSKI, L., LOKAY, P., SHUANGQING, W. & RULLKÖTTER, J. (1998) Organic geochemistry and 
depositional history of the Barremian-Aptian boundary interval in the Lower Saxony Basin, northern 
Germany. Cretaceous Research, 19, 581-614. 
LITTKE, R. CRAMER, C., HERTLE, M., KARG, H., STROETMANN-HEINEN V. & ONCKEN O. (2000) Heat flow evolution, 
subsidence, and erosion in the Rhenohercynian orogenic wedge of Central Europe. Geological 
Society London Special Publications, 179, 231-255. 
LITTKE, R., BAYER, U., GAJEWSKI, D. & NELSKAMP, S. (2008) Dynamics of Complex Intracontinental Basins. 
Springer-Verlag, Berlin, p. 519.  
LITTKE, R., KROOSS, B., UFFMANN, A.K., SCHULZ, H.M. & HORSFIELD, B. (2011). Unconventional Gas 
Resources in the Paleozoic of Central Europe. Oil & Gas Science and Technology - Rev: IFP Energies 
nouvelles, 66(6), 953-977. 
LITTKE, R., URAI, J.L., UFFMANN, A.K., RISVANIS, F., (2012) Reflectance of dispersed vitrinite in Palaeozoic rocks 
with and without cleavage: Implications for burial and thermal history modeling in the Devonian of 
Rursee area, northern Rhenish Massif, Germany. International Journal of Coal Geology, 89, 41-50. 
LOPATIN, N.V. (1971) Temperature and geologic time as factors in coalification. Akad. Nauk. SSSR Izv. Ser. Geol., 
3, 95-106. 
MAGOON, L.B. & DOW, W.G. (1994) The petroleum system. In: The petroleum system - from source to trap. (Ed. 
by L.B. Magoon & W.G. Dow), American Association of Petroleum Geologists Memoirs, 60, 3-24. 
MANGO, F.D. (1992) Transition metal catalysis in the generation of petroleum and natural gas. Geochimica et 
Cosmochimica Acta, 56, 553-555.  
MANGO, F.D. (1994) The origin of light hydrocarbons in petroleum: Ring preference in the closure of carbocyclic 
rings. Geochimica et Cosmochimica Acta, 58, 895-901.  
6 References 153 
 
MANGO, F.D. (1997) The light hydrocarbons in petroleum: A critical review. Organic Geochemistry, 26, 417-440.  
MANGO, F.D. (2001) Methane concentrations in natural gas: The genetic implications. Organic Geochemistry, 32, 
1283-1287. 
MAROTTA, A.M., BAYER, U., SCHECK, M. & THYBO, H. (2001) The stress field below the NE German Basin: effects 
induced by the Alpine collision. Geophysical Journal International, 144(2), F8-F12. 
MAYSTRENKO, Y., BAYER, U., BRINK, H-J. & LITTKE, R. (2008) The Central European Basin System - an Overview. 
In: Dynamics of Complex Intracontinental Basins. (Ed. by R. Littke, U. Bayer, D. Gajewski & S. 
Nelskamp), Springer-Verlag, Berlin, pp. 15-34.  
MAYSTRENKO, Y., BAYER, U. & SCHECK-WENDEROTH, M. (2010) Structure and evolution of the Central European 
Basin System according to 3D modeling. DGMK Research Report, 577-2/2, Hamburg, p. 90. 
MCKENZIE, D. (1978) Some remarks on the development of sedimentary basins. Earth and Planetary Science 
Letters, 40, 25-32. 
MILLER, K.G., KOMINZ, M.A., BROWNING, J.V., WRIGHT, J.D., MOUNTAIN, G.S., KATZ, M.E., SUGARMAN, P.J., 
CRAMER, B.S., CHRISTIE-BLICK, N. & PEKAR, S.F. (2005) The Phanerozoic record of global sea-level 
change. Science, 310, 1293-1298. 
MONTHIOUX, M., LANDAIS, P. & MONIN, J.C. (1985) Comparison between natural and artificial maturation series 
of humic coals from the Mahakam delta, Indonesia. Organic Geochemistry, 8, 275-292. 
MÜLLENSIEFEN, J. (1971) Das Karbonprofil der Untertagebohrung 150 der Steinkohlenbergwerke Ibbenbüren. 
Fortschritte in der Geologie von Rheinland und Westfalen, 18, 57-64. 
MUTTERLOSE, J. (2000) Unterkreide im Niedersächsischen Becken. In: Stratigraphie von Deutschland III, Die 
Kreide der Bundesrepublik Deutschland. (Ed. by Stratigraphische Kommission von Deutschland), 
Courier Forschungsinstitut Senckenberg, 226, 101-109. 
NELSKAMP, S. (2011) Structural evolution, temperature and maturity of sedimentary rocks in the Netherlands: 
results of combined structural and thermal 2D modeling. Dissertation, RWTH Aachen University, p. 
175. 
NELSKAMP, S., DAVID, P. & LITTKE, R. (2008) A comparison of burial, maturity and temperature histories of 
selected wells from sedimentary basins in The Netherlands. International Journal of Earth Sciences, 
97, 931-53. 
NEUNZERT, G.H., GAUPP, R. & LITTKE, R. (1996) Absenkungs- und Temperaturgeschichte paläozoischer und 
mesozoischer Formationen im Nordwestdeutschen Becken. Zeitschrift der Deutschen Geologischen 
Gesellschaft, 147, 183-208. 
ONCKEN, O., PLESCH, A., WEBER, J., RICKEN, W. & SCHRADER, S. (2000) Passive margin detachment during arc-
continent collision (Central European Variscides). Geological Society London Special Publications, 
179, 199-216. 
PASSCHIER, C.W. & TROUW, R.A.J. (2005) Microtectonics, 2nd ed. Springer-Verlag, Berlin, p. 366.  
PEPPER, A.S. & CORVI, P.J. (1995a) Simple kinetic models of petroleum formation. Part I: oil and gas generation 
from kerogen. Marine and Petroleum Geology, 12(3), 291-319. 
6 References 154 
 
PEPPER, A.S. & CORVI, P.J. (1995b) Simple kinetic models of petroleum formation. Part II: oil-gas cracking. Marine 
and Petroleum Geology, 12(3), 321-340. 
PETERS, K.E., SCHENK, O. & WYGRALA, B. (2009) Exploration Paradigm Shift: The Dynamic Petroleum System 
Concept. Swiss Bulletin für Angewandte Geologie, 14(1-2), 65-71. 
PETMECKY, S.P. (1998) Numerische Simulation der Entwicklungsgeschichte des zentralen Niedersächsischen 
Beckens unter besonderer Berücksichtigung der Erdgaslagerstätten-Bildung. Berichte des 
Forschungszentrums Jülich, 3567, p. 242. 
PETMECKY, S.P., MEIER, L., REISER, H. & LITTKE, R. (1999) High thermal maturity in the Lower Saxony Basin: 
intrusion or deep burial? Tectonophysics, 304, 317-344. 
PETRINI, K. & PODLADCHIKOV, Y. (2000) Lithospheric pressure-depth relationship in compressive regions of 
thickened crust. Journal of Metamorphic Geology, 18, 67-77. 
PLEIN, E. (1990) The Southern Permian Basin and its paleogeography, Sediments and environmental 
geochemistry-selected aspects and case histories. Sediments and environmental geochemistry. 
Selected Aspects and Case Histories. (Ed. by D. Heling, P. Rothe, U. Forstner & P. Stoffers), Springer- 
Verlag, Berlin, pp. 124-133. 
POELCHAU, H.S. & ZWACH, C. (1994) Basin simulation and diagenetic models: Albian Cadotte Sandstone, Alberta 
Deep Basin, Canada. Forschungszentrum Jülich, Jül-2882.  
POELCHAU, H.S., BAKER, D.R., HANTSCHEL, T., HORSFIELD, B. & WYGRALA, B. (1997) Basin simulation and the 
design of the conceptual basin model. In: Petroleum and basin evolution. (Ed. by D.H. Welte, B. 
Horsfield & D.R. Baker), Springer-Verlag, Berlin, pp. 3-70. 
PUSCH, G., GAUPP, R. & LIERMANN, N. (2005) Integrated Research Contributions for Screening the Tight Gas 
Potential in the Rotliegendes Formation of North- Germany. Oil Gas European Magazine, 31(4), 187-
193. 
QUIGLEY, T.M., MACKENZIE, A.S. & GRAY, J.R (1987) Kinetic theory of petroleum generation. In: Migration of 
hydrocarbons in sedimentary basins. (Ed. By B. Tissot), Paris, France, Editions Technip, Colloques at 
Seminares, 45, 649-665.  
RESAK, M., NARKIEWICZ, M. & LITTKE, R. (2008) New basin modeling results from the Polish part of the Central 
European Basin system: implications for the Late Cretaceous-Early Paleogene structural inversion. 
International Journal of Earth Sciences, 97, 955-972. 
RIPPEN, D., LITTKE, R., BRUNS, B. & MAHLSTEDT, N. (2013) Organic geochemistry and petrography of Lower 
Cretaceous Wealden black shales of the Lower Saxony Basin: The transition from lacustrine oil shales 
to gas shales. Organic Geochemistry, 63, 18-36. 
RODON, S. & LITTKE, R. (2005) Thermal maturity in the Central European Basin system (Schleswig-Holstein area): 
results of 1D basin modelling and new maturity maps. International Journal of Earth Sciences, 94, 
815-833. 
RYBACH, L. (1986) Amount and significance of radioactive heat sources in sediments. In: Thermal modeling in 
sedimentary basins. (Ed. by J. Burrus), 1st IFP Exploration Research Conference, Carcans, France, June 
3.-7. 1985, pp. 311-322. 
6 References 155 
 
SCHECK, M. & BAYER, U. (1999) Evolution of the Northeast German Basin - inferences of a 3D structural model 
and subsidence analysis. Tectonophysics, 313, 145-169. 
SCHEIBE, R., SEIDEL, K., VORMBAUM, M. & HOFFMANN, N. (2005) Magnetic and gravity modelling of the 
crystalline basement in the North German Basin. Zeitschrift der Deutschen Gesellschaft für 
Geowissenschaften, 156(2), 291-298. 
SCHEIDT, G. & LITTKE, R. (1989) Comparative organic petrology of interlayered sandstones, siltstones, mudstones 
and coals in the Upper Carboniferous Ruhr basin, Northwest Germany, and their thermal history and 
methane generation. Geologische Rundschau, 78, 375-390. 
SCHENK, H.J., WITTE, E.G., LITTKE, R. & SCHWOCHAU, K. (1990) Structural modifications of vitrinite and alginite 
concentrates during pyrolytic maturation of different heating rates. A combined 13C NMR and 
microscopical study. Organic Geochemistry, 16(4-6), 943-950. 
SCHMIDT, A. (1914) Die magnetische Vermessung I. Ordnung des Königreichs Preußen 1898-1903 nach den 
Beobachtungen von M. Eschenhagen und J. Edler. Veröffentlichung des Königlich-Preussischen 
Meteorologischen Instituts, 276, Berlin (Behrend), p. 43. 
SCHMOKER, J.W. (1981) Determination of Organic-Matter Content of Appalachian Devonian Shales from Gamma-
Ray Logs. American Association of Petroleum Geologists Bulletin, 65(7), 1285-1298. 
SCHNEIDER, F., POTDEVIN, J.L., WOLF, S. & FAILLE, I. (1996) Validity of porosity-effective stress concept in 
sedimentary basin simulators. Tectonophysics, 263, 307-313. 
SCHÖNEBERG, R. & NEUGEBAUER, J. (1987) Einführung in die Geologie Europas. Rombach Verlag, Freiburg, p. 
294. 
SCHWARZER, D. & LITTKE, R. (2007) Petroleum generation and migration in the ‘Tight Gas’ area of the German 
Rotliegend natural gas play: a basin modeling study. Petroleum Geoscience, 13, 37-62. 
SCHWARZKOPF, T. (1987) Herkunft und Migration des Erdöls in ausgewählten Dogger beta Lagerstätten des 
Gifhorner Troges: Wechselwirkungen zwischen Kohlenwasserstoffgenese und Sandsteindiagenese. 
Dissertation, RWTH Aachen, p. 257. 
SCLATER, J.G., JAUPART, C. & GALSON, D. (1980) The heat flow through oceanic and continental crust and the 
heat loss of the Earth. Reviews Geophysics and Space Physics, 18, 269-311. 
SENGLAUB, Y., BRIX, M.R., ADRIASOLA, A.C. & LITTKE, R. (2005) New information on the thermal history of the 
southwestern Lower Saxony Basin, northern Germany, based on fission track analysis. International 
Journal of Earth Science, 95(5-6), 876-896. 
SENGLAUB, Y., LITTKE, R. & BRIX, M.R. (2006) Numerical modelling of burial and temperature history as an 
approach for an alternative interpretation of the Bramsche anomaly, Lower Saxony Basin. 
International Journal of Earth Sciences, 95, 204-224. 
SHANLEY, K.W., CLUFF, R.M. & ROBINSON, J.W. (2004) Factors controlling prolific gas production from low-
permeability sandstone reservoirs: Implications for resource assessment, prospect development, and 
risk analysis. American Association of Petroleum Geologists Bulletin, 88(8), 1083-1121. 
6 References 156 
 
SIROCKO, F., REICHERTER, K., LEHNÉ, R., HÜBSCHER, C.H., WINSEMANN, J. & STACKEBRANDT, W. (2008) 
Glaciation, salt and the present landscape. In: Dynamics of Complex Intracontinental Basins. (Ed. by 
R. Littke, U. Bayer, D. Gajewski & S. Nelskamp), Springer-Verlag, Berlin, pp. 233-246. 
SMITH, J.E. (1971) The dynamics of shale compaction and evolution of pore fluid pressure. Mathematical 
Geology, 3, 239-263. 
STACH, E. (1949) Lehrbuch der Kohlenmikroskopie. Verlag Kettwig Glückauf, p. 285. 
STADLER, G. (1971) Die Vererzung im Bereich des Bramscher Massivs und seiner Umgebung. Fortschritte in der 
Geologie von Rheinland und Westfalen, 18, 439-500. 
STADLER, G. & TEICHMÜLLER, R. (1971) Zusammenfassender Überblick über die Entwicklung des Bramscher 
Massivs und des Niedersächsischen Tektogens. Fortschritte in der Geologie von Rheinland und 
Westfalen, 18, 547-564. 
STAHL, W. (1971) Isotopen-Analysen an Carbonaten und Kohlendioxid-Proben aus dem Einflußbereich und der 
weiteren Umgebung des Bramscher Intrusivs und an hydrothermalen Carbonaten aus dem 
Siegerland. Fortschritte in der Geologie von Rheinland und Westfalen, 18, 429-438. 
STAMPFLI, G.M. & BOREL, G.D. (2004) The TRANSMED Transects in space and time: Constraints on the 
Paleotectonic evolution of the Mediterranean domain. The TRANSMED Atlas, The Mediterranean 
Region from Crust to Mantle (Ed. by W. Cavazza, F.M. Roure, G.M. Stampfli & P.A. Ziegler), Springer-
Verlag, Berlin, pp. 52-80. 
STOLLHOFEN, H., BACHMANN, G.H., BARNASCH, J., BAYER, U., BEUTLER, G., KÄSTNER, F.M., LEGLER, B., 
MUTTERLOSE, J. & RADIES, D. (2008) Upper Rotliegend to early cretaceous basin development. In: 
Dynamics of Complex Intracontinental Basins. (Ed. By R. Littke, U. Bayer, D. Gajewski & S. Nelskamp), 
Springer-Verlag, Berlin, pp. 181-210. 
STONE, I.J. & COOK, A.C. (1979) The influence of some tectonic structures upon vitrinite reflectance. The Journal 
of Geology, 87, 497-508. 
SUCHY, V., FREY, M. & WOLF, M. (1997) Vitrinite reflectance and shear-induced graphitization in orogenic belts: 
A case study from the Kandersteg area, Helvetic Alps, Switzerland. International Journal of Coal 
Geology, 34, 1-20. 
SWEENEY, J.J. & BURNHAM, A.K. (1990) Evaluation of a simple model of vitrinite reflectance based on chemical 
kinetics. American Association of Petroleum Geologists Bulletin, 74, 1559-1570. 
SWEENEY, J.J., BURNHAM, A.K., BRAUN, R.L., TALUKDAR, S. & VALLEJOS, C. (1992) A test of a kinetic model of 
petroleum generation, expulsion, and cracking in the Maracaibo Basin, Venezuela. American 
Association of Petroleum Geologists Annual Meeting Program, 1, p. 128. 
SWEENEY, J.J., BRAUN, R.L., BURNHAM, A.K., TALUKDAR, S. & VALLEJOS, C. (1995) Chemical kinetic model of 
hydrocarbon generation, expulsion, and destruction applied to the Maracaibo Basin, Venezuela. 
American Association of Petroleum Geologists Bulletin, 79, 1515-1532. 
TAYLOR, G.H., TEICHMULLER, M., DAVIS, A., DIESSEL, C.F.K., LITTKE, R. & ROBERT, P. (1998) Organic Petrology. 
Gebr. Borntraeger, Stuttgart p. 704. 
6 References 157 
 
TEICHMÜLLER, M. (1987) Recent advances in coalification studies and their application to geology. In: Coal and 
Coal-Bearing Strata: Recent Advances. (Ed. by A.C. Scott), Geological Society London Special 
Publications, 32, 127-170. 
TEICHMÜLLER, R. & TEICHMÜLLER, M. (1985) Inkohlungsgradienten in der Anthrazitfolge des Ibbenbürener 
Karbons. Fortschritte in der Geologie von Rheinland und Westfalen, 33, 231-253. 
TEICHMÜLLER, M., TEICHMÜLLER, R. & BARTENSTEIN, H. (1979) Inkohlung und Erdgas in Nordwestdeutschland. 
Eine Inkohlungskarte der Oberfläche des Oberkarbons. Fortschritte in der Geologie von Rheinland 
und Westfalen, 27, 137-170. 
TEICHMÜLLER, M., TEICHMÜLLER, R. & BARTENSTEIN, H. (1984) Inkohlung und Erdgas - eine neue 
Inkohlungskarte der Karbonoberfläche in Nordwestdeutschland. Fortschritte in der Geologie von 
Rheinland und Westfalen, 32, 11-34. 
TIMOFEEV, P. & BOGOLYUBOVA, L. (1970) Postsedimentational changes in organic matter in relation to lithology 
and depositional facies. In: Organicheskoye Veshchestvo Sovremennykh i Isjopayemykh Osadkov. 
(Ed. by N.B. Vassoyevich), Nauka Press, Moscow (In Russian), pp. 169-190. 
TING, F.T.C. (1978) Petrographic techniques in coal analysis. In: Analytical Methods for Coal and Coal Products. 
(Ed. by C. Karr), Academic Press, New York & London, pp. 3-26. 
TING, F.T.C. (1981) Uniaxial and biaxial vitrinite reflectance models and their relationship to paleotectonics. In: 
Organic Maturation studies and Fossil Fuel Exploration. (Ed. by J. Brooks), Academic Press, New York 
& London, pp. 379-392. 
TING, F.T.C. (1991) Review of vitrinite reflectance techniques and applications. Organic Geochemistry, 17(2), 269-
270. 
TISSOT, B.P., PELT, R. & UNGERER, P. (1987) Thermal history of sedimentary basins, maturation indices, and 
kinetics of oil and gas generation. American Association of Petroleum Geologists Bulletin, 71, 1445-
1466. 
TURCOTTE, D.L. (1980) On the thermal evolution of the earth. Earth and Planetary Science Letters, 48, 53-58. 
UFFMANN, A.K. & LITTKE, R. (2011) 3D petroleum systems modelling of the North German Basin. First Break, 9, 
49-55. 
UFFMANN, A.K., BRUNS, B. & LITTKE, R. (2010) Dynamics of the Central European Basin System (CEBS): Large 
scale models of the Paleozoic petroleum system in the North German Basin. DGMK Research Report, 
577-2/3, Hamburg, p. 129. 
UFFMANN, A.K., LITTKE, R. & RIPPEN, D. (2012) Mineralogy and geochemistry of Mississippian and Lower 
Pennsylvanian Black Shales at the Northern Margin of the Variscan Mountain Belt (Germany and 
Belgium). International Journal of Coal Geology, 103, 92-108. 
UNGERER, P. (1989) State of the art of research in kinetic modeling of oil formation and expulsion. In: Advances 
in organic geochemistry. (Ed. by B. Durand & F. Béhar), Organic Geochemistry, 16, 1-25. 
VAN ADRICHEM BOOGAERT, H.A. & KOUWE, W.F.P. (1993) Stratigraphic nomenclature of the Netherlands, 
revision and update by RGD and NOGEPA. Mededelingen Rijks Geologische Dienst, 50, 1-40.  
6 References 158 
 
VAN BALEN, R.T., HOUTGAST, R.F. & CLOETINGH, S.A.P.L. (2005) Neotectonics of the Netherlands; a review. In: 
Neotectonics and Quaternary fault-reactivation in Europe‘s intraplate lithosphere. (Ed. by S.A.P.L. 
Cloetingh and T.G.M. Cornu), Pergamon, pp. 439-454, Oxford. 
VANDENBROUCKE, M., BÉHAR, F. & RUDKIEWICZ, J.L. (1999) Kinetic modelling of petroleum formation and 
cracking: Implications from the high pressure/high temperature Elgin field (UK, North Sea). Organic 
Geochemistry, 30, 1105-1125. 
VAN HOORN, B. (1987) Structural evolution, timing and tectonic style of the Sole Pit inversion. Tectonophysics, 
137, 309-334. 
VAN WEES, J.D., STEPHENSON, R.A., ZIEGLER, P.A., BAYER, U., MCCANN, T., DADLEZ, R., GAUPP, R., NARKIEWICZ, 
M., BITZER, F. & SCHECK, M. (2000) On the origin of the southern Permian Basin, Central Europe. 
Marine and Petroleum Geology, 17, 43-59. 
VAN WEES, J.D., VAN BERGEN, F., DAVID, P., NEPVEU, M., BEEKMAN, F., CLOETINGH, S. & BONTÉ, D. (2009) 
Probabilistic tectonic heat flow modeling for basin maturation: Assessment method and applications. 
Marine and Petroleum Geology, 26, 536-551. 
VOIGT, T., REICHERTER, K., VON EYNATTEN, H., LITTKE, R., VOIGT, S. & KLEY, J. (2008) Sedimentation during basin 
inversion. Dynamics of Complex Intracontinental Basins. (Ed. by R. Littke, U. Bayer, D. Gajewski & S. 
Nelskamp), Springer-Verlag, Berlin, pp. 211-232. 
WAPLES, D.W. (1980) Time and Temperature in Petroleum Formation - Application of Lopatins Method to 
Petroleum-Exploration. American Association of Petroleum Geologists Bulletin, 64, 916-926. 
WARREN, J.K. (2008) Salt as sediment in the Central European Basin System as seen from a deep time 
perspective. In: Dynamics of Complex Intracontinental Basins. (Ed. by R. Littke, U. Bayer, D. Gajewski 
& S. Nelskamp), Springer-Verlag, Berlin, pp. 247-276. 
WEHNER, H. (1997) Source and maturation of crude oils in northern and eastern Germany - An organic 
geochemical approach. Geologisches Jahrbuch, Reihe D, 103, 85-102. 
WELTE, D.H. & YALCIN, M.N. (1987) Formation and occurrence of petroleum in sedimentary basins as deduced 
from computer-aided basin modelling. In: Petroleum geochemistry and exploration in the Afro-Asian 
region. (Ed. by S.P. Kumar, P. Dwivedi, V. Banerjie & V. Gupta), Balkema, Rotterdam, pp. 17-23.  
WELTE, D.H., HORSFIELD, B. & BAKER, D.R. (1997) Petroleum and Basin Evolution. Springer-Verlag, Berlin, p. 535. 
WYCHERLEY, H.L., PARNELL, J., WATT, G.R., CHEN, H. & BOYCE, A.J. (2003) Indicators of hot fluid migration in 
sedimentary basins: evidence from the UK Atlantic margin. Petroleum Geoscience, 9, 357-374. 
WYGRALA, B.P. (1989) Integrated study of an oil field in the southern Po basin, northern Italy. Berichte 
Kernforschungsanlage Jülich, Band 2313, p. 326. 
YANG, Y. & APLIN, A.C. (2004) Definition and practical application of mudstone porosity-effective stress 
relationships. Petroleum Geoscience, 10, 153-162. 
ZHANG, T., ELLIS, G.S., RUPPEL, S.C., MILLIKEN, K. & YANG, R. (2012) Effect of organic-matter type and thermal 
maturity on methane adsorption in shale-gas systems. Organic Geochemistry, 47, 120-131. 
6 References 159 
 
ZIEGLER, P.A. (1990) Geological atlas of Western and Central Europe. Shell International, 2nd edn., The Hague, p. 
239. 
ZIEGLER, P.A., CLOETINGH, S. & VAN WEES, J.D. (1995) Dynamics of intra-plate compressional deformation: the 
Alpine foreland and other examples. Tectonophysics, 252, 7-59. 
 
7 Curriculum Vitae 160 
 
7 Curriculum Vitae 
Mark Benjamin Bruns 
 
⇀ EDUCATION 
 Doctoral studies in basin modeling and organic petrography (APR 2010—JUL 2013)  
at Institute of Geology and Geochemistry of Petroleum and Coal, RWTH Aachen 
University, Supervisors: Prof. Dr. Ralf Littke, Prof. Peter A. Kukla, PhD. 
Focus: Reconstructing the thermal evolution and modeling the shale gas potential in 
NW-Germany and the Netherlands as well as characterizing the thermo-tectonic-
dependent anisotropy and lithological dependency of vitrinite reflectance as an optical 
maturity parameter in high rank sedimentary rocks.  
 Diplom Geologist (OCT 2003—OCT 2009)  
Majors: Organic Geochemistry of Petroleum and Coal, Sedimentology and Engineering 
Geology 
Thesis: Coalification depiction and thermal evolution modeling of the Upper Cretaceous 
and basement in the Subhercynian Cretaceous Basin.  
Mapping project: The Geology of the Soltau-Hameln area.  
 
⇀ EXPERIENCE 
 Research Associate (NOV 2009—JUL 2014) 
at Institute of Geology and Geochemistry of Petroleum and Coal, RWTH Aachen 
University  
Focus: 4 interdisciplinary, industry-funded research projects about conventional and 
unconventional petroleum potential assessment in NW-Germany and the Netherlands. 
Sponsors: Wintershall Holding GmbH, ExxonMobil Production Deutschland GmbH, GDF 
SUEZ E&P Deutschland GmbH, RWE Dea AG, Total, Vermilion Energy, Bayerngas Norge, 
Repsol, Marathon Oil, Statoil, Schlumberger, BGR (Federal Institute for Geosciences and 
Natural Resources), DGMK (German Society for Petroleum and Coal).  
Responsibilities: Assistant lecturer for coal petrography and basin modeling, mentoring 
students (e.g. B.Sc. and M.Sc. theses), assistant supervision/maintenance of the 
7 Curriculum Vitae 161 
 
microscopy laboratory, processing petrographic analyses for third party projects. 
 Commercialization Engineer/software testing (MAY 2010—JUN 2013) 
at Schlumberger AaTC (PetroMod software suite) 
 Responsibilities: Quality control of implemented features in the PetroMod petroleum 
system modeling software suite, software analysis and test strategy planning, 
coordination with in-house development- and service teams, development and 
execution of functional regression and workflow tests. 
 Student Assistant (FEB 2007—OCT 2009)  
at Institute of Geology and Geochemistry of Petroleum and Coal, RWTH Aachen 
University 
 Student Assistant (OCT 2004—DEC 2004)  
at Institute Institute of Geology and Palaeontology, RWTH Aachen University (RWTH-1 
scientific and geothermal drilling project) 
 Student Assistant (MAY 2004—DEC 2006)  
at Department of Ferrous Metallurgy (IEHK), RWTH Aachen University  
 Interning Geoscientist (JUN 2003—AUG 2003)  
at Geoconsult Busch, Aachen  
